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Degradation of Plant Lignin with The Supercritical Ethanol and
Ru/C Catalyst Combination for Lignin-oil'

Jeesu Park? + Jae-Young Kim?® * Joon Weon Choi*'
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=71 250 oA 350CE Aaoll whel 89.5 wit%oll Al 32.1 winR asks FaFS BAANE £
A= 350 204 obXIQE 2]Z1d(3698Da, 2.68) thHH| 217t 85%, 44% FrAsto] malAQl EEg vhgo] X
s Fhold 4~ ik Fadedel GC/MS B4 A} guaiacol, 4-ethylphenol, 4-methylguaiacol, syringol,
and 4-methysyringol 5 ©EA] £F9 H&3RES W27t S7184E 24.1 mg/g of lignin (250C)oA] 64.8
mg/g of lignin (35070) 0.2 Z73hgom, Whe7] hio] Ariel SUIRUWC)E H7HBHES o) 2o 761 mglg of
lignin =771 SRS AL Sl S T TR I ole] ALY Az gLt Zste] ufet shagt
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ABSTRACT

Asian lignin was efficiently depolymerized with supercritical ethanol and Ru/C catalyst at various reaction temper-
ature (250, 300, and 350C). Lignin-oil was subjected to several physicochemical analyses such as GC/MS, GPC, and
elemental analysis. With increasing reaction temperature, the yield of lignin-oil decreased from 89.5 wt% to 32.1 wt%.
The average molecular weight (Mw) and polydispersity index (Mw/Mn) of lignin-oil obtained from 3507C (547Da,
1.49) dramatically decreased compare to those of original asian lignin (3698Da, 2.68). This is a clear evidence of
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lignin depolymerization. GC/MS analysis revealed that the yield of monomeric phenols involving guaiacol, 4-ethyl-

phenol, 4-methylguaiacol, syringol, and 4-methysyringol increased with increasing reaction temperature, and these were

mostly produced with applying hydrogen gas and Ru/C catalyst (76.1 mg/g of lignin). Meanwhile, the carbon con-

tent of lignin-oil increased whereas the oxygen content decreased with increasing reaction temperature, suggesting

that hydrodeoxygenation was significantly enhanced at higher temperature.

Keywords : lignin, depolymerization, supercritical ethanol, Ru/C, phenols
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< sk gtk 2lde YT RE ehelR|(Cecs)
Q1 p-coumaryl alcohol, coniferyl alcohol, sinapyl al-
cohol 719 B-O-4, ¢-0O-4, 4-0-5, B-B, 5-5 5 t}oF
g FETS Fol FAEEE AE AlZE YoM 3
A9 FARPAY F2E FASHL Jrh(Brunowet
Lundquist 2010). 2242 Z21A vfo|QujAo] Al
ER20AE Ao 85k Hio] e AFY]
9 vpo|egutoldElofA FAHER AR 2 A
Fo| A ARESE ofAlot 2l1d-e 2 E S (wheat straw,
sarkanda grass) H}] QU2 9] soda pulping #E|E
S AArE A Wild S(Wild 5 2012)°] 2|5k,
wheat straw®] ¢ I5 AF4tol A W 5299 E¢]
FAREEN AR %, obxjof 2| YofA] HAYs)
B 2EF0 v]&e 4B%E 7MY WAEFe] et} ot
2hA o)z Aolu ZHAAQl SHoA HZ 9l F
o] AAite] r=H AA FETL glom ofo] w
ot o rRE ste FANRES 22 gad 9
& B HAFHOoR 7t skal Qo sHATE o] &
2%4ko] IR77EA] Ao s AghEn U=
S0 dash 9= e SR o]85 L gtk
(Regauskas 5 2006). 9HA] Ag3t vie} o] glad
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89 4 ek 53] 7129 Mgkt AlelAg A

A ookt dlEdkled e A #ad
oz tjAstEs A7 A AR s 3
S olt(Amen-Chen 5 2001). SHA|RE op2 <ol A
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He 38 AAES A9 gaded, 14 &,
a9a H3EA ThaEH ol & W IEhy
EA4E v 2=, B AL A B S §5
4 g F7 Foll 7]k d2A gith(Madhav
Prasad Pandey 5 2010). ©o] = gl1dode 157}
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Table 1. Experimental design layout using different reaction conditions

Reaction condition

Sample

Temp. (C) Solvent (m¢)  Cat. (metal) Cat. loading (g) Initial H, pressure (MPa)
N-250 250 - - -
N-300 300 - - -
N-350 350 EtOH 20 - - -
H2-350 350 - - 3
Ru-H2-350 350 Ruw/C 0.025 3
Lignin: 0.5 g; time: 40 min
2. M= 3 &= 23. ZYA ¥2=S 0|8%t OtAet 2|1
o 2SS
21, BAME U Zof
AR AARE 281 2(SUS316) 37+ ke
2 AFtollA AREEE ofAQE #ladE Granit (A7: 35 mm, F7: 30 mm, Zo]: 60 mm)E ©]§

Research and Development SAZEE| JL]5lo] AL
shol .o %7 upo] Qv A (wheat strawe}
sarkanda grass)2] soda pulping 2] E3f AYALE
At SRS EE SPEALTS H AT
Hh-go E3FE Ru/C (5 wi%)S AHstglon ol:
Al e 2ol A FeJske] $42] glo] AHE-st
St

L
.

o]

2.2. OtAIQt 2|32l 3fstd - 12X EY

-1 "
2

ofAIGE lad W AAl Had EFwte)t o
FHWS AP 991 2% SRR
(Klason lignin, TAPPI method T222 om-88)°f &7
stel e ANsIAOR opAel el B4
4 B4 Bas o) e 9 g
71?1 phenolic hydroxyl”](Phe-OH)%}
Methoxyl7|(OMe)E ATFstAtH(Vazquez 5 1997).
gk obAJek 21 o] EAsH: p-0-4 AT W
S =A3}7] ¢Jsle] Derivatization followed by re-
ductive cleavage (DFRC)HH(Lu®} Ralph 1997)2

o]kt
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=t
B
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28
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=

sho] ofAIQF 2] ] Rt WS Saystict. vt
SAZF A, oA¢t 2l 0.5 + 0.01 E 20 m¢ ot
S(EtOH, ACS 55 > 99.5%, A|IntdE=g]z))S

HEg7le] Yal Wigst & SAUIAE AAE] $E
A 712499.9%)8 FE3] ST UdE 9k

3]
pal

715 sl A4Yst &, 24 9Rg2=(2507T, 300T,
350°C)) Yol H2atpon HFLmoA 4087t

Hhg-sheich ofuff Wik &= 300 RPM2 2 {-4]5}
Ak HES AL 57}X]ﬁ3tq0\1-250: 250,
N-300: 300, N-350: 350C, H2-350: 3507C/3 MPa
44, Ru-H2-350: 350°C/3 MPa <=4/Ru/C) RpA||SH
A3 YA Table 1] A|A8FATE oFAIQE 2]1d
AAEL 20Uy} g 7fAas
2013)0] A3 LS E3) 3435}
o] #&2 o5 ol 74]*55} o ®
= AP 39] REESHAL HlolH = 33] WhE AY
Batat o= A
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23l ule &
Kim 5(Kim &
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1) gaded +=&wt%)
= [2Y FAEYHZd FA®E] x 100
(2) & FE&Wt%)
= [@A FA( - 9 FA)y=1d 74
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Table 2. Chemical composition of asian lignin

oy

of
1Y
AN
e

Properties Asian lignin
Klason lignin (wt%) 94.9
Carbohydrate (wt%) 2.1
Ash (wt%) 1.7
Phenolic hydroxyl (wt%) 3.0
Methoxyl (wt%) 16.7
DFRC degradation products (pmol/g of lignin) 176.3

() 7 FE(wt%)

=100 - (Fladed =& + & $£8)

o] e Y14 EA)7] US/CHINS-932 (LECO Corp.,
USA)E ol &staltt. A2 100%0] 4 b, 4=

2.5. Gel Permeation Chromatography
(GPC) 24

PLgel 3 um MIXED-D column (300
VARIAN, Inc.)¥ PLgel 3 pm MIXED-E column
(300 x 7.5 mm, VARIAN, Inc.) Z12]3L PLgel 5 um
guard column (50 x 7.5 mm, VARIAN, Inc.)o] A2}
¥l GPC max instrument (Viscotek RImax, Viscotek,
UK)YE ol&stol 2Askglen, HEdxzs UV
detectorS ARESIITH EFEA R 2EH(EAR
104 Da)x} Z2]AE|A(EAFF 580~3,250,000 Da)2

AFgtee

2.6. Gas Chromatography/
Mass Spectroscopy (GC/MS) 24

o EAsks skl BT BA
A

=
2 Y3 A AHA AZ7](Agilent HP5975A mass

selective detector, MSD)Q} EZ& 0|23 HZ7V|
(flame ionization detector, FID)7} &%l Agilent
HP7890B GC 7}~ A =Z2ulE 12 3](Gas chromatog-
raphy, GC) Agilent HP7890B GC)& ©]8-5}o] H4]
stelon] AAE BAZAL CheT 2ok BA AR
9] % 5 m{ acetone (ACS grade, > 99.5%, A|1
up= ] 2))ef 34 2l1d e 1 meof Ak £
= P WREEEEEHN 50 pe o S2A o
(50.5 mg/S m0 acetone)&: E7Falo] A Zaloick. Eak
7} #ssistEdt W ESE2 2] Response factor
RPE T317] 98] 18579 dmskies Ao
drRofA FYstel ARgSEch BRbES] A
HAS 913 NIST MS Search 2.0 (NIST/EPA/NIH
Mass Spectral Library; NIST 02)& ©]-&35}¢ich 24
of AF&3t A2 DBS (30 m x 0.25 mm ID x 0.25
um)©] split ratiow= 1 : 152 AA3IHcH HE
Injector &= 220C, FID= 300C Z7AA HA
S AP QE2E= 50TollA 587 F
% 37/ming] AT £24& 2 300C7HA] &
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Apgstect

U orlo N
o oh o

:

T

3.1. OFAIQt 2|3

r
fob
il
P
0z

ofrlet Fade] kst 24 2t A8
(Phe-OH®} OMe) 13l 21y Wol g-0-4 ZAjt
Rles Astalon 1 Ak Table 20 AA5HA
T} Table 20]4] QIS 4= Ql5zo] ofAIRt #adE
e gadoer =] Jom(94.9 with), &

— 358 —



2YA e FEHE

9] carbohydrate (2.1 wt%)2} ash (1.7 wt%)S S+
]_31_ ol_‘: ﬁoi Z/\}Qoh;]_

Aol A ARERE ofAIGE HIadE 2EFOA
) ﬂl‘%oi o]H]—X—]O] EE ] qu‘_—v%
[FERAoE g EAS Helth dubdow

W gad S 17~20 winz H844 2971
(HEa: 26~38 wi%, T 22~27 wh)Hch
Yrh(Dence?} Lin 1992). T3k 2EA gade
p-coumaryl alchol (H), coniferyl alcohol (G), sinapyl
alcohol (S)Z FAHE W HAA 2l1del 7
At G, el B Gof 52 2 9
th(Lapierre 2010). £ o)== 7]&0 Wo] A
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3.2. OFARt 2|0 ESE dd=
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AER fladed, & agjn 7arh AR
7z 9bg 27 AAEC] &2 Fig. 19 AAsHA
o} g adede @A =329 s sRkEEnt of
Yet 1825 v A UEks gEkea 5ol
ZgE o] e WA Edolth(Fang 5 2008). FHH
gt kA s ©EkARg, QENRS, 22F waet
FokgowHE WALt FAEE d9A ok
Fig. 104 1% 4= ¢l%0] faded2 2%
9 fa7kA TE)a ZufRwC) -5 l E}E} 2.1~

89.5 wt%= f=go] IA dEA= glg 4=

Ut WA WS =7} 250 cow 350 c&z =7}3t
of whet Bl 1d Y 482 89.5 wt%oA] 32.1 wt%
2= 9t} o]y3t ZAy= Kim
e} eA1Et A o 4 9lo
7b STVl weh £ E= A

x} ol RES(7h /)] 2433t
of k2 Ax}& hEchKim S 2013; Richard JA.
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Lo
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L FUE -~

Zujo] ofst 23 @lae] Qs uhe

m Lignin-oil = Char ™ Gas
89.5

100.0
90.0 -
80.0 4
70.0
60.0 -
50.0 4
40.0
30.0 -
20.0 A
10.0 -
0.0 -

32.1 I_‘32.5

Yield (wt%)

N-250 N-300 N-350 H2-350  Ru-H2-350

Reaction condition

Fig. 1. Yield of lignin-oil, char and gas from asian
lignin under different reaction conditions.

Gosselink?} Wouter Teunissen 2012). 3+#H 350°C =%
A SakiE AARRE W Pladede
53.5 Witz Z7bstglou, RwC Zuet A AHE:

W= woll= 81.5 wit% 7] S7tehe s &
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r 2

e
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F7b ul$ ZQ3dltH(Fan 5 2013; Yoshikawa
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Table 3. Elemental composition and molecular weight distribution

Elemental composition (wt%)

The average molecular weight

Polydispersity index

Experiment C H N S 0 (M) (Mw/Mn)
Lignin 613 73 0.7 1.1 29.6 3698 2.68
N-250 64.4 6.0 0.6 0.5 285 2467 257
N-300 74.1 7.4 03 0.4 17.8 1785 237
N-350 73.0 6.7 0.2 0.4 19.7 547 1.49
350-H2 69.4 7.2 0.1 0.3 23.0 698 1.65

Ru-350-H2 715 8.0 0.5 0.3 19.7 932 1.96

Table 4. Yield of phenolic compounds after lignin depolymerization using various severity factors

Peak Yield of monomeric phenols (mg/g of lignin)”
No. Compounds RT N-250 N-300 N-350 H2-350  Ru-H2-350
1 Phenol 1524 0.9 (0.0) 157 (03) 211 (0.7) 176 (0.3) 1.97 (0.3)
2 p-cresol 2014 0.00 (0.0) 068 (0.1) 151 (03) 139 (02) 131 (0.1)
3 Guaiacol 2072 1.06 (0.0) 639 (0.5 640 (1.7) 562 (03) 5.06 (0.7)
4 2,6-dimethylphenol 2171 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.02 (0.0)
5 2,4-dimethylphenol 2372 0.00 (0.0) 0.00 (0.0) 027 (02) 027 (0.0) 0.40 (0.1)
6 4-ethylphenol 2468 172 (0.0) 5.10 (0.6) 629 (03) 731 (0.4) 832 (0.4)
7 4-methylguaiacol 2581 037 (0.1) 471 (0.6) 567 (0.7) 586 (04) 592 (0.4)
8 2-ethyl-5-methylphenol 2798 0.00 (0.0) 0.0 (0.0) 069 (0.0) 042 (0.0) 042 (0.1)
9 4-ethylguaiacol 29.82 282 (0.0) 826 (0.9) 870 (0.) 923 (02) 10.92 (0.6)
10 4-vinylguaiacol 3134 059 (02) 028 (0.0) 042 (0.0) 055 (0.0) 0.82 (0.1)
1 4-ethyl-1,2-dimethoxybenzene 31.80  0.00 (0.0) 033 (0.1) 054 (0.0) 0.53 (0.0) 0.50 (0.0)
12 Syringol 33.04 296 (02) 10.51 (1.0) 11.19 (0.7) 8.16 (0.9) 7.40 (1.9)
13 4-propylguaiacol 3368 026 (0.0) 1.88 (02) 2.81 (0.1) 2.53 (0.1) 4.85 (0.7)
14 4-methylsyringol 3703 075 (02) 3.90 (0.5 496 (0.4) 5.03 (02) 5.10 (0.4)
15 trans-isoeugenol 3726 3.59 (0.1) 2.80 (03) 118 (0.0) 3.66 (03) 5.7 (L.1)
16 Acetoguaiacone 3867 034 (0.0) 054 (0.1) 031 (0.0) 038 (0.0) 0.38 (0.0)
17 4-ethylsyringol 40.15  0.82 (0.0) 328 (04) 3.70 (03) 441 (02) 4.96 (0.3)
18 Guaiacyl acetone 4032 025 (0.0) 048 (0.0) 035 (0.0) 034 (0.0) 039 (0.0)
19 Homovanillyl alcohol 4041 0.00 (0.0) 0.9 (0.0) 038 (0.0) 0.18 (0.0) 0.32 (0.4)
20 Vanillic acid, ethyl ester 4262 0.8 (0.0) 034 (0.0) 020 (0.0) 026 (0.0) 0.18 (0.0)
21 4-propylsyringol 4339 042 (0.0) 2.03 (02) 260 (02) 235 (0.1) 4.07 (0.6)
2 Ethyl homovanillate 4461 035 (0.0) 061 (0.1) 026 (0.0) 045 (0.1) 048 (0.0)
23 Acetosyringone 4794 727 (0.1) 7.60 (0.8) 3.30 (03) 521 (04) 5.89 (0.4)
24 4'hydmXy'2;$ft:31’;ylb:2;i“pr°pan°i° 4851 0.18 (0.0) 099 (0.1) 093 (0.1) 090 (0.0) 1.07 (0.1)
25 Palmitic acid, ethyl ester 56.84  0.56 (0.1) 0.63 (0.0) 083 (0.1) 057 (0.1) 0.52 (0.0)
Sum of phenol compounds 241 (1.1) 624 (6.7) 64.8 (6.3) 66.8 (43) 76.1 (1.0)

" Standard deviation is presented in parenthesis
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OCH;  H;CO OCH; H3CO OCH;  HsCO OCHj3  H,CO OCHj,
OH OH CH OH
4—propylguaiacol 4 —methylsyringol 4 —ethylsyringol 4 —propylsyringol Acetosyringone

Fig. 2. Main monomeric phenols derived from lignin-oil.

a3 A BT 4 Atk ol w2 =9 e
ofsf gjde) SRR A AEAS vt
So] Z4E Aow FHETE Mwel Mno] AltjH
H 2 AtEs tREARA S (Mw/Mn) E]E WS-

7k F71e weh FREAY BE BYEE B
Ko ol g HeorRE AEE 2lad
S 2Jo] ofxlot gladoe| H|3] AjFoz 2o 37

\1

oF dT F2E 2= AR ST+ ok 3]
A% Ru/C SUiE ARERE 270004 AAH 2o
249 Mwgl2 N-350 2704 AJake gladedd
of v} &2 gk Yebleh ol Bo dekd
A= AR o7 Rz 211y AEHo] Ru/C &
w stollA A= v Al <l edef &St
A ® Al Aoz wokdh

(613 ) Rek & AE S 4 ek LA 4
agbEe gade ol

95 1 = —’Ff‘d%ﬂi‘ﬂ%ﬂ #iié.ﬂ“?%k”l
A=l A er Sld 4= Qlgleh 53

teFo]l U A gladede] vls] Aidor =&
O & Kol RuW/C Euff stollA =47t ¥-3o] o
& EXE= AeE 5T = IH(Gutierrez 5

2009).

o W ot

3.3.3. GC/MS &4

GCMS 242 T8l dladed W
EEIES AWHEY stgon 1
30| A|A|BFSIT). Table 304 E<13F 4=
ded Yoja &23%9] 3tEe] A&
2R A Aow EApHIC FOIE
AlE 2%579] aliphatic fatty acid esterF2] 3}8HE
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(C-0 EE C=02THE 2= ARASIEE] A5
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gastA Jage ofn|Rti(Tand Lee 2012).
Fa7kset Ru/C F0E ARHS uf ol=eh
ol o FEZHA Ru-H2-350 =304 2
76.1 mg/g of lignin& ¥ 4 Ut 71 wWo] Ay
e SSHES syringol (11.19 mg/g of lignin),
4-ethylguaiacol (8.70 mg/g of lignin), guaiacol (6.40
mg/g of lignin) Z12]3l 4-ethylphenol (6.29 mg/g of
lignin) 0] Q1o o]&2 AFAde tiAlste] A
A, WA, 54, oJorE, AsAl ol 282
4= Qlth. o] Hbo| %= 4-methylguaiacol, 4-propylguaia-
col, 4-methylsyringol, 4-ethylsyringol, 4-propylsyr-
ingol 1E]3l Acetosyringone 52| 3}3lEo0] AYALE
AUch(Fig. 2). o]F EJF F47kA0f Ru/C FUiE A
FoHS U £88 2 FoHe BES ey
<l o= FolA e et 2lade] &
SEEA BEE SRS At S JAlskI
=2l Aoz tETh(. Long 5 2014).
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AFQI(NRF-2013R1A2A2A01011112)2] A& o}
THE A5

REFERENCES

Amen-Chen, C., Pakdel, H., Roy, C. 2001.
Production of monomeric phenols by thermo-
chemical conversion of biomass: a review.
Bioresource Techonology 79: 277-299.

Brands, D., Poels, E., Dimian, A., Bliek, A. 2002.
Solvent-based fatty alcohol synthesis using su-
percritical ~ butane.

American Oil Chemists’ Society 79: 75-83.

Brunow, G., Lundquist, K. 2010. Functional groups

Thermodynamic analysis.

and bonding patterns in lignin (including the lig-
nin-carbohydrate complexes). CRC Press, Boca
Raton, USA.

Dence, C.W.
Methods in lignin chemistry. Springer Berlin
Heidelberg 33-61.

Fan, M., Jiang, P., Bi, P., Deng, S., Yan, L., Zhai,
Q., Wang, T., Li, Q. 2013. Directional synthesis

of ethylbenzene through catalytic transformation

1992. The determination of lignin.

of lignin. Bioresource Technology 143: 59-67.

Fang, Z., Sato, T., Smith Jr, R.L., Inomata, H., Arai,
K., Kozinski, J.A. 2008. Reaction chemistry and
phase behavior of lignin in high-temperature and
supercritical water. Bioresource Technology 99:
3424-3430.

Gosselink, R.J.A., Teunissen, W., van Dam, J.E.G.,
de Jong, E., Gellerstedt, G., Scott, E.L., Sanders,
JP.M. 2012. Lignin depolymerisation in super-
critical carbon dioxide/acetone/water fluid for the
production of aromatic chemicals. Bioresource
Technology 106: 173-177.

— 362 —



297 ogE&Y FHE Fufol A% =& fade] eds) wks

Gutierrez, A., Kaila, R., Honkela, M., Slioor, R.,
Krause, A. 2009. Hydrodeoxygenation of guaia-
col on noble metal catalysts. Catalysis Today
147: 239-246.

Holmelid, B., Kleinert, M., Barth, T. 2012.
Reactivity and reaction pathways in thermochem-
ical treatment of selected lignin-like model com-
pounds under hydrogen rich conditions. Journal
of Analytical and Applied Pyrolysis 98(0):
37-44.

Kim, S., Dale, B.E. 2004. Global potential bio-
ethanol production from wasted crops and crop
residues. Biomass Bioenergy 26: 361-375.

Kim, J.-Y., Oh, S., Hwang, H., Cho, T.-S., Choi,
I.-G., Choi, J.W. 2013. Effects of various re-
action parameters on solvolytical depolymeriza-
tion of lignin in sub-and supercritical ethanol.
Chemosphere 93: 1755-1764.

Kim, J.-Y., Park, J., Kim, J.K., Song, LK., Choi,
J.W. 2014. Catalytic depolymerization of lignin
macromolecule to alkylated phenols over various
metal catalysts in supercritical t-butanol. Journal
of Analytical and Applied Pyrolysis, Accepted.

Lapierre, C. 2010. Determining lignin structure by
chemical degradations. Lignin and Lignins:
Advanced in chemistry. Heitner C., Dimmel D.,
Schmidt J.A. 11. Boca Raton, FL: CRC Press,
Taylor & Francis Group.

Li, H., Yuan, X., Zeng, G., Tong, J., Yan, Y., Cao,
H. 2009. Liquefaction of rice straw in sub-and
supercritical 1, 4-dioxane-water mixture. Fuel
Processing Technology 90: 657-663.

Long, J., Zhang, Q., Wang, T., Zhang, X., Xu, Y., Ma,
L. 2014. An efficient and economical process for

lignin depolymerization in biomass-derived solvent

tetrahydrofuran. Bioresource Technology 154:
10-17.

Lu F., Ralph J. 1997. Derivatization followed by re-
ductive cleavage (DFRC method), a new method
for lignin analysis: protocol for analysis of DFRC
monomers. Agricultural and Food Chemistry
45(7): 2590-2592.

Pandey, M.P., Kim, C.S. 2011.

Depolymerization and Conversion: A Review of

Lignin

Thermochemical Methods. Chemical Engineering
& Technology 34(1): 29-41.

Regauskas, A.J., Williams, C.K., Davison, B.H.,
Britovsek, G., Cairney, J., Eckert, C.A., Rederick
Jr., W.J., Hallett, J.P.,, Leak, D.J., Liotta, C.L.
2006. The path forward for biofuels and
biomaterials. Science 311: 484-489.

Tan, H.T., Lee, K.T. 2012. Understanding the impact
of ionic liquid pretreatment on biomass and
enzymatic hydrolysis. Chemical Engineering 183:
448-458.

Vazquez, G., Antorrena, G., Gonzilez, J., Freire, S.
1997. The influencing of pulping conditions on
the structure of acetosolv eucalyptus lignins.
Wood Chemistry and Technology 17(1 and 2):
147-162.

Yoshikawa, T., Yagi, T., Shinohara, S., Fukunaga,
T., Nakasaka, Y., Tago, T., Masuda, T. 2013.
Production of phenols from lignin via depolyme-
rization and catalytic cracking. Fuel Processing
Technology 108: 69-75.

Wild, De., P.J., Huijgen, W.J.J., Heeres, H.J. 2012.
Pyrolysis of wheat straw-derived organosolve
lignin. Journal of analytical and applied py-
rolysis 93: 95-103.

— 363 —



