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Abstract: Pretreatment of wastepaper using aqueous glyc-
erol was investigated to enhance the enzymatic hydrolysis.
The effects of four factors (solid/liquid ratio, glycerol concen-
tration, acid concentration, and reaction time) on the dissolu-
tion yield, the removal of cellulose, hemicellulose and lignin,
and the enzymatic digestibility were examined at 150°C. The
1/8 of solid/liquid was determined to perform the reaction
uniformly, and the 93% of glycerol concentration was found
to be a minimum concentration to conduct the reaction under
atmospheric pressure. Also, it was found that the acid concen-
tration and reaction time were strongly related to the dissolu-
tion yield and the removal of cellulose, hemicellulose and
lignin, but moderately to the enzymatic digestibility. At an
optimum condition of 150°C, 1 h and 1% acid concentration,
56% and 49% of hemicellulose and lignin, respectively, were
removed, while only 4% of cellulose was removed. The enzy-
matic digestibility at this condition was 86%, meaning that
83% of the glucan present in the initial substrate was con-
verted to glucose. Compared to glycerol with ethylene glycol
as a pretreatment solvent, glycerol is much cheaper than eth-
ylene glycol, but ethylene glycol is superior to glycerol in
delignification.
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Jojofa] Hax A R Fofol A gt g ot
F718 M= AuEY 2E {71807 Q=
OﬂF&% 22 A Eull= AT 7 o] ot Z 9
o wfzoll AA| ol A= AHE-5E7] o Tt ZLe A ethylene
glycol (EG)%} glycerol 22 21H|F 7181 7} 112 & =T
olE 249 7P & AH-2 "M o] ot dA e vhgo] of

71 %ol Al o] Fo] & 4= 9l 01 LA 7 E 8 glrk= Holth
Hho) & e 8o B]-g-o] HIALAL AR & Gl E 3] o=
785 u]g o & 18f o A] H]-g-o] Wo] &R ETh= Fo]
o} [2]. 2 A A 2 89 = EGE AHE-sho] A& M A 2|5t
A AEE A BE 714 ‘a*ﬁ%ﬂ El W‘Eii’\
o} 81 1d S 27} 60%S} 75%S A A s AL, 4 Fag
94%°] =steich [3]. L2jar &l H]%% %0171 SEl *}
&3t -G E 3l aesto] 4 7R ARG Sl B3 EGE A
Goto] A B wole W oR o Yl AFE Skl
2 EG 7|95 polyesterd 2 A&l 4] LA E4 & Al x5}
= A5 TSkl [4].
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718e] A 2o @ol o] &5 il Sl [5-10]. A2 vl =
A8 EGef| B] 3l glycerol®] 7H4 & A2 W2 &l 714
1t 20064 712222 }o] ©.6]4 340 4] A4+ glycerol
7h2jo] 4 §ahskg 4 ol 4] AAFE EG7}7] o] 2w ofsfolth
[11]. o] A& glycerolo] Hfo] @ T AYAF T of| Al FAMHE=
RS T A AL oF 10%S A|5H] dolc [12],
27 A U AR S A 5 vho] 9.4 AAko] 2
7FskaL Qlat, o] W&o glycerolo] 1} AALE] o glycerol 7}
ZAo| ZF2 3| 32kt Q). vlo] 2.t Al AAL ZA of| A AAL
HE= AAE R &L glycerol-2 glycerol 5 %7} 65~85%9] 1L
A 2 W ehe Tt u) Solch [13,14], o] HA|5 7]
&= glycer01—4 s 2ol7] AlM= 3k B, &5,
T B 5 AP @AE Ak 1] hlgo] e e m
o]HaL Hl%ol ol A8 8k 1A A = A] &2 glycerol
= AA 2 Gz AR 4= e A2 34 FAA
W Rk opy et Hiol et YAk 34 o AAE = AEs] Y

A g ebs 2] aH R SuiE AHEshe AP o

= 53] AgtE o] et glycerolS AR WA F] A=
20079 95% == 9] glycerol-S wheat straw # A 2] of] AF-g-3t
AE Ao 2 viol @t BAE = A4he FA = A o2
glycerol:x & 2] &1 & AR-8-8F= A7} o] Fo FlTt [5-8].
18] 37 sugarcane bagasse®} &A=& glycerol 8N 0 2 A
Aol AR WREEH AT [9,10]. wheat strawl} bagasse
e 22 NNAS v u A A2 a7t A8 Ak 22
ZiE ARESHA] AL, AA 27} o B e oY F

Fo AR Fuf &2 ARt A el aE A o &
A+ FEH QA EAHL 2% 180~240°CE =0}
WS-zl o] 7FEskal tf 7ol A 71 d& AA 2s}7] oY

+ Holth. H 2| = v 3 34235} ﬂ A&H oz g
Y& Fgol 7Hestthe Aol IAINE ol =, XA
T AE A VR E Weliohe 2 Aol Z3tE o] glof
AA e BIE Eol7] of o8& Edolth [15,16]. o] A
Toll A<= glycerol =& A3} AF Zulj 5 ARE-5}of Wl w2 w2
2ot 7| boll A HAIE A skl MA T 20] 7]-

Sl &, 71dS ot 4 AR AAE, 2L aa
kol v 2= FFe ARSI

2.2 29y

218

1A 2 AAEE HAIEA (WA A, A YR )= S mm 27
9] A7} YAHE IKA cutting mill IKA MF10, Germany)-2 A}
g3to] BT 222 AAF AW Zr|2HL
glucose 59.5%, xylose 16.6%, Klason lignin 11.8%, ash 9.4%
ojdct. HA 2 Luf= glycerold} ethylene glycol (99%,
Junsei, Japan), A| 2] 81l += 1,4-dioxane (Junsei, Japan), < uf
= 34H96%) (Merck KGaA, Germany)S AH8-3} %t}

e h=ike f& 100 mL 2+ EEP*E ks

H AR %UH% 7128 (s Olld/hqlﬂd W/W)“] f EPEP
ghg-7]oll War 3A7E Fot Ao Foltk HAe &=
glycerolof] &5 3 7lsto] a3t w2 g3 M A 2] &uf
° -2 (w000 I 4 el A
$7]% oil bath W] A3} aHk HFEE S 100 rpm
2 fAiehid G A1 59 055 et 0o
B T2 WSS AR Bl A 1087 $ZA 7] 1 g
-2 200 mL dioxane/water (4/1, v/v) &1 & A}8-3}o] Kl o]
W3 A AR S ALgstel 2417 <k ket ¥ of 3}
At o7te 7)1 A2 100 mL dioxane/water -8-1j) 9} 400 mL
8 A3 S UOID Shakste] g A
T R Uit oF 22 105°Coll 4] oF% |
AEAA B %OP AR A 9] Hl&<l Eofa2 A
bol AAFSHIL, 1.5 mm =719 A7} WA KA
Hsto] 7120 2L BAT A Q)F A8
29 A7 82 AT ol 2] HEe S
el | g7]of Tol WA E OP@EV} 05g4
ER220 st e Floto] A4 Fke SA o AR

ahsct.
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23. A5 Bl

23.1 gy REH4

T 71 AS 03 g Fol AlF el i 72% (25°Cof| A] H]
% 1.63) FAHEH 3 mLE F{45to] & 4o == Ao =8)
T ohZ 30T 2Fo] YAl 153 HE 02 A o] A 14]
7F ZoF 7= B35ttt 7hE e & 100 mL autoclave H
of %A ©iL ol7]o] 84 mLo| FH4E 7hske] 4%2] A4S
AloZ wh=o] 1217 autoclaved] @il 1A]7F FoF HH-G-A
ot Hhgo] B4 Al A2 7H4] A3 &3 mL AR5 3
stof @4laeelT AFEOlS HPLCR H4319ich. H410]
AHEE HPLC A|AES Lab Alliance P6000 pump (Apple
Valley, MN, USA), Shodex RI-101 detector (Showa Denko,
Japan), Spectra System autosampler (Themo Separation
Product Inc., Riviers Beach, FL, USA)2 LA ] ¢it) A7 &
£ 9 A= MultiChro (Yullin Technologies Co., Seoul,
AMEsE T 748 1CSep COREGEL 87H3
(Transgenomic Inc., San Jose, CA, USA)o|1L A=A
65°Col| A 0.005 M HAHS 158 0.55 mL E5{t}. o] 42
xylose, mannose, galactoseE £2]& = §loE & o] 7S 3
Al E 2 @ APl =70 E7]5}31 T
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2.3.2. Klason lignin 24/

w3 AR E ] Axe T 1 g Hs}
72% S4Hg-H-S 15 mL ¢ sto] 2 4o
T o Ao A 2417 FoF FHA 1SR TE &
o] 1L, 2A17F Fofli= A|RE 1000 mL ZetAF0) A o
1560 mLO| FFE 7hoto] 3%9] Sik-gol oz ghE it
of7]of 7275 G2reto] 4X7kg ot Zhbst A 9
A2 72 A8 ashE E3F6HA] 982 Whatman No.41 B S
AHg-8Fof of Ztst it of Ikgt B E| = 105+3°Ce] 7% 7] o] A
As] AN F BEAE S5t BHFEA S A Qg %t
F714 (lignin + ash)9] £AE 7| F35}ich. FAE A
e = =7 Yol 'ot 575+3°CE] A7 2o A SAITE o)A &
1] o obeli ash 22 S4s}o] 234 L A
Attt

24. 842 G373

7ol ik & A/ cellobiose®] A 32Hg-S | A3}s}
7] Y3} cellulase®} B-glucosidase®] F-1] H| & 4:12 3} F
7¥skelch vl e AAbE A27]1E 0.5 g MER e 20 455}
= 714& 250 mL EefAo] YWe & 589 (citrate
buffer, pH = 4.8) 25 mL} 33} 222 Yo 50 mLE WS
Qlth. ma= H7lEFo] 15 FPU/g celluloseo] 3 g dl= 942
AR&Ei Tt e A vl 2] o Dl 50°C "2 0014 90
storke®] WRHETE 2 72X 7t 50 HESAIZ T A F 7t A&
+ HPLCZ A3t 3)4] o2 a4 FakaS Al4bsteit.

7k 3 glucan T4 (2) o 100 3)

T (%) = A7+ glucan -7 (g)

3.9 42 1

1 7]§Fell A <=4 glycerol @] H] 52 290°Col L} =8 of| Al =
o] whet AFgs] T2t glycerol B 27} 50~90% W 9] ]
A= glycerol =84 €] H] 1 o] oF 107~140°C 1 ¢] Wol| A 7
S AP Aoz 718k 90% o] F-of A= 92% (149°C), 96%
(175°C), 98% (210°C)Z “sfeof whet J43] F7kettt [17].
A 2] g 2 EGE AHE-SE 2490 =W 915 s of
7] §Foll A glycerolE A 2] = AR8-3}7] flel A= 2l of
= 90% o]AY] glycerol 48 Mg ALg&foFgtt) [3]. BEo] &
A Ao AR R 3)425 glycerol % E = 65~85%E H]
WA ek [13]. 22 B2 7] Yol A glycerol A A 2] 37
off ARg-87] fJa A= M= 553 7g o] F st uiol 2
oA BAbE = 345 glycerol 55 ¢lo] A 2] 7ol AL
&3 A9 B2 glycerol F =7} 70%t o] AL W32
+ 190~240°C H #{ oIt} [6-8]. 12| i Fef1d Gl = ARE-
3} glycerol 3= 45~75%0] 1L == 165~225°C W 9|t}
[1,10]. o] & AollA= thit& 7|8 E 7t Z2td w7
E AP Y43 225 §A5k= oil bathoh= Ee] A

7188l = ol & 7] Yst= 2 =& A5t Rt E 24
o 4= 7] ol AVISIEE ARESHH th7I el A
70~75% glycerol 4=8-90-& 225°C7}A] 10& qhof] &3 4= 9l
O a2 7| Z7H A E) 455l AA bt LETMA] S5
okl Haskeih [1]. e 7|27 ARt AR 7HE
T3 A7 doju Eo] FSHAL glycerol =7} ob5

© A& TR R 70% H =9 glycerol =& tf 7] ¢
A A 2] Bl 2 AFHE-8L7] = o] AL glycerol &5 6H=A]
ARES 7] AHESHEA] sfof Hote 225 2 ¢ A= A
o g Azrert ou]ddd oA 180°CE FA|5k= oil bathd]
A1 96.5% glycerol& AH-g-8tof W37 W =& 5743 21t
7] Qtoll A A L= 2] 95%0] =eal=t Al A7
OF 1420|911, HI 2= 368 & =33l 177°Co]
Atk Ze 2 A A 93% glycerol ¢ 2 112 % = 156°Co]

At

3.1. 71 d/L44j (S/L) ¥]

A% Ee glycerol Hwo] whet 243 Z74sH=] 20°C0]
Al glycerol sfkof wel =8HO) HEE HwsH 50%
(6 cP), 70% (22.5 cP), 90% (210 cP), 100% (1410 cP)o|c}
[19,20]. A3 A+ [3]o| A AHE-RE == EG (H] A 197.6°C)9]
A7} 21 P2l AL 11835FH glycerol 4 == EGE T} ufj &
etk 19 A glycerolS AH 2] Sz AFGSHA ArhH o =
=0 M ujRo EGe} 72 S/L vlof| A U3t HH-S-0] Ao
U7 oot A4 2 Sl 2 &4 EGE AHE-SE 749 FdRt
3°] dojub= 4 S/L 8|7} 1/40] 3l =], glycerol®] 7%
o] Hof|Al = ¥hg- F WHEO R QIate] 7| Ho] ¥hg-7] Boj
o] Yy =AY 2TE &7] of 2 fitt. 1A S/L H|
£ 1/6, 1/8, 1/109] H|& 2 glycerol ~-&0 2 F7HAA A

3=l ol 1/80] Hofopdt 7] o] mut F¢F ¥H--7]
go 2= e Ao A e 2HE de

A%
Fig. 12 S/L v]of 012 $o}83 820 2, sujuge

[ Digestibility
100 { —®— Dissolution yield 100
—-O~— Cellulose removal
—-w~— Hemicellulose removal
—-A—Lingin removal \?
— °
~ 804 80 T
x —E ] Pl
-
~ =
© 2
3 601 60
1S ———— g
@ I B Sl 2
—_ .| k-]
S +#04 [N @090 . - ] 0 o
] . __ =
o a s
Q2 E.
> 20 -] ————— B e 20 N
=]
w
O — Ot ———————— r—0
0 T T T 0
1/6 1/8 110
S/L ratio

Fig. 1. Effect of solid/liquid ratio on the digestibility, dissolution
yield, and compositional removals. Reaction conditions: 150°C,
96.5% glycerol, 2% H,SO,, 15 min.
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Q20t P Al g, 2 aAaTekE o) HokE e
JFJd SLH|7F /6 7|02 1/10 235 H|w el H &
& 3%, AEZ 22 0.9%, JUAEZ 22 9%, 2|1 6%,
B e 5% F= 2% FTISHRIT o] A B ol
7 A2 ARG aLA|of) wlsl A &) o] F7hetol ut
2t arA|ef )| of o] Kok A A] A vfehar Az E
Ty A2 3 AA S ek e Sl ARS
F= Eole Ao] viHASIER SL vl= ddiheS g
Z 2> vl el 1/8=2 AASHA T o] gh2 71E A+ [5-8]oll A A
&8 110~1305th= 24 7] 2 vjs) ARg-H &l ol
FEs] Atk A ol

3.2. 40| 5%

glycerol& tf 7] QFoll A # 2] &f A A 2] §ulj = AHE-517] 9h
-2 1S A4 okst=dl|, 234 o2 EGE A A 2 &1
B ARHE O 42 HH x4 (150°C, 155, 2% FAhS A
B3t [3]. t 71 ol A glycerol =894 B] o] 150°C7} &]
7] 83 A= glycerol ‘57 F o] &= 92.3%H ¢} Aok 522
93%, 96.5%, 99% (3=5= glycero) S AF&5to] &3 &, AER
o FuAER A0 Y Al AE, 123l a4 FIkE
2 AP} (Fig. 2). glycerol =71 93%0 A 99%= =
7hetol] wheh &2 4.7%, MERZ A, JuAER A,
22 A ALL 272 0.9%, 11.5%, 11.8% 5713153 T} glycerol
o EAER A AAEY Mak= A9 glAIR T
SR @20 g ALY S NN A== A
8] ot o] FA A E R 2 A0 2|1 O Al A sl &
| ek Ae dnlagRose olade] Ao s
2 SeliT ot 724 54 fRoR 47,

Eok A2 folo] nhe AAe g wmels] 9l
99%2] glyceroli} EGE AM&-8to] A 1HE H a5kl t} (Fig. 2).
EG9] §-3f&0] glycerol &3l &1t} 4% = Ekout AlE
220 GuAER A A AEE Ao Ao F &9
7P & Aol 2l AAEE EGY AE- T6%E

o

[/ Digestibility
100 { —@— Di ion yield 100
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Fig. 2. Effect of solvent type on the digestibility, dissolution yield,
and compositional removals. Reaction conditions: 150°C, 93%
glycerol, 2% H,SO,, 15 min, 1/8 S/L ratio.

glycerol S A o 49%X.t}h oF 1.68] =ttt = EG=
glyceroli o} 2] & A& & 0 2 A| A3}z 52 o] st
G, aAFIE T glycerol 2 AFES W BTt 9% A =2
90%0] itk J 4> Goha 2fol o] FYUQNE =& g 1d AlA
& ulEel 202 AZE T EGo} glycerol AL-5te] 414
2o ) AB RO A RS F S 2oL WA E Fat
S Q9T B4 FBHE-S 212k 90%S) 81%0] 9T o] 2 7]
Aol ZA5l= AEE 249 86%2} 78%= glucoseE Z3H
S Qlth= ofujolth. EGE} glycerol &1 & AF-&-5h= A
2] 34 A vk 7P 2 Aol Evi 74
o[t} 2006\ oA £ARE EG (A F-3t8 34 Al5)2t
glycerol (Bfo] @t & YAt A=) 9| 7HAE ¥ wLstH EG 7}
Zo] glycerolF t} 2~4ul =2 Ao g elyth [11]. EGe}
glycerol®] = o] 198°C2} 290°Cel A& 1 3}H A A
g3 Aol AHE T FRE A el o] 5= lsto] AL
gh7]of= ol A] Bl-go] Ui &t [2]. o] ZAI S 4
Sk st Wt =, EGY 7%, AHE3 EGE 342519
A= W QlH] 4 A = 71A] A ARE-SFo = A A 2] Ad
5 Atz 10% o= A "ol A A] ghokTt [3]. o] % H&
EG ¥ & F =7} o} AjAHE-517] o] 2] 9] polyesterE A| =
ot dEEEE ARRSke] EG A A 2] 549 AAld S =0l
A} 5FGA T [4]. glycerol= EGeF 2 W © & AAl-g-5F L
S 24 Az dEE AMESt= S A1 2avt
\ehar A2 o

50 4o K

3.3 5

AA 2 gkl S vA= F8 Hpe B2 29 AL,
Ab o)t ol Al s AT EFoloA 3 HsE
A7 st YA HeE 2 s 22 279 vk
A 4 Q) A F4 g AA (central composite
dosign)2} 22 BAH WL Agetel o] HHAL
Tot7] ofHth [3]. Bk oAl At viel o]
93% & ME AHET - 150°C7F Aol AHEE = Q)=
2ol §hA AL EG Zake} vl astr| )8f 150°C
= sl dutd o ® H2 AR A 2lof| A= 3% o] 5}
O] 4t F =g AHESFE R EG 7 -9-9] A 27 (150°C, 15,
2% Z4h’1 2%E 2|1 FE R Sho] 4 Fo] U &ofs,
7 Ao AAET 5 GIES A (Fig. 3). AF
FE7F0.5% ool A MER QA= A A=A ¢hokar du]
AEZ QA0 22 10% o]stz A A= et s &3}
E% 65%H 2 AL Zot 4t F&7} 0.5% o] sto A= Ak 5
Tt AA Y Aol AY FFS FA Gkl & 4 ok
o] Zr2 AL ukA © 2 Hio] @ufj A 7] Z o] Ato|uf ¢ 7]
£ 53 4= Qe sl AL Y5 BS 714 1 g 7.5~
9mgo] th& S35 Qlo] A A FEE A A FEE
o} Wb Baro A gelek 4= Sl [21]. & 0.5% =9 W
& FAbe A71ske A5 glycerol =& Hofl 23+ Ao f
FE9] Ak 7| A} wh-g-sko] Abo = Al AghS Rtrhal
AZeE 4= Qlek. ey Ab =7 0.5%E o ARH AF T

-1 =2

o O
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Fig. 3. Effect of acid concentration on the digestibility, dissolution

yield, and compositional removals. Reaction conditions: 150°C,

93% glycerol, 15 min, 1/8 S/L ratio.

1
ofN
N

bl e g oeat 2 4R AA Rl 2A F7He
1% o4 A7 A9 AARE F7H4E7
AAS gastih. B4 GEHEE A 5w F710) vet
Z7ksto] 2% w) 79%e] =BG A HE 7} 1%8] 35
2% 9B 54 FEHE] 6% B A AL o]
2R A S 3745 S DSk 1%7] o Selsheha
¥4 ook e A SR AL O QI W3 A B

9 onl
ook
filo
T
bs

=
AT A Bo] £ 5 YOBE A BES WRI
SAZS A7 SHe Ao R g RS Aestgrt.

3.4.9H¢ A7+

W2 AL FEO ARG 2 Qg BHSA A 5HE Heksl] 9e]
HESAIZES 158014 304, 1A17E 2417k 2 S7HAA A E
3Hith (Fig. 4). ¥E-S A 7o whet 8689 S7H e A3
o= F7kettt7E 3048 o] e FasiAT AER 0 A A
AL 308 o] $5E A AP A oz Ftskqict. 3 n|Al
Ez20o29 20y AALE 3087 = 24 F71slr)

[/ Digestibility
—@— Dissolution yield
100 { —©O— Cellulose removal 100
—¥— Hemicellulose removal
—A— Lignin removal
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80 ] 80 é
—_ 1
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Fig. 4. Effect of reaction time on the digestibility, dissolution
yield, and compositional removals. Reaction conditions: 150°C,
93% glycerol, 1% H2S04, 1/8 S/L ratio.

304 o] Tl =SS =T skl HnAdER e A H
o} 211 A Ago] A sHA A4kt Ba FIEY A
F NI A = ALY AP H o2 ottt 14]7F o] &=
Aol F7VekA] gkttt A 2 o] om0 A eH 74
YWAHSELAZAEZE (1 -AAS)GHAEELAg A4 T
IS HYslet=t 9ong Axy auts (AA g 5 7]
AW AER A G2 (B4 F2H)9] ol gte s 3
7hafjoF gkt [3]. o] gho] Bh-g-A[Zko] 1A]7HY wfj{= 0.830] 1L
QA7 A= 0812 93]8 AstE R H A2 AL (150°C,
1%, 1A]ZF, S/L =1/8) 0. & A7} 4= 9laL o] 2o A&
BN FEE 6%, SnAERZ LA 2lad AAES
56%2} 49%, & 4 T3 86%0] ). H]5=3t glycerol 5= <]
95%%2 AFE-5}0] wheat strawS A% 2] 3t Sun 5 (5)2] 21}
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