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Table 1 Product distribution of lignin catalyzed by Cu/Zn/Al/Ce at different reaction temperatures

RT Area/%
Identification

/min 260 °C 280 °C 300 °C 320 C 340 °C
11.038 2, 3, 4-trimethyl-2-cyclopentenone 2.632 2.453 1.17 1.165 1.12
12.373 2, 3,4, 5-tetramethyl-2-cyclopentenone 8.53 8.455 6.474 4.429 3.253
13.512 Veratrole 2.229 1.407 0.891 - -
13.634 4, 5-dimethylresorcinol 2.059 2.118 1.482 1.422 -
13.917 2, 3,5,6-tetramethyl-2-cyclopentenone - 2.008 1.431 1.273 1.125
15.151 2, 4, 6-trimethylioluene 6.533 6.074 5.733 4.195 2.915
16.159 3, 4-dimethoxytoluene 2.93 2.172 1.527 0.693 -
17.105 tert-Butylhydroquinone - 1.145 1.160 - -
17.256 Trimethylhydroquinone 1.419 - - - -
17.307 Pentamethylbenzene 1.13 1.84 2.43 2.947 2.732
18.986 5-methoxy-2, 3, 4trimethylphenol 5.194 4,056 - - -
19.384 2, 3, 4, 6-tetracresol 3.549 4.789 5.47 7.169 7.647
19.425 2,3, 5, 6-tetracresol 7.86 7.722 9.519  11.53 11.689
21.425 Butylbenzylalcohol 2.391 2.71 3.24 3.875 3.54
22.328 2-tert-Butyl-4 , 6-dimethylphenol 1.708 2.118 3.012 4.962 4.215
23.013 3-tert-butyl-4-hydroxyanisole 12.038 12.725 5.77 3.249 -
23.497 1,3-cyclopentadiene-5-dimethyl-1, 2-dipropyl - 0.724 0.671 1.151 0.982
23.707 1-methoxy-4-methyl-2-propan-2-ylbenzene 9.16 10.173 12.165  13.013 13.987
24.818 6-tert-butyl-2 , 4-xylenol 0.924 0.824 1.243 1.011 0.915
25.144 Diprivan 2.312 2.393 2.464 2.838 3.156
27.307 2-ethyl-5, 7-dimethyl- 1-benzothiophen 0.671 0.834 1.124 1.011 1.241
27.117 1,2-diethyl-3,4,5 ,6-tetramethylbenzen 0.873 1.103 1.134 0.985 1.21
28.992  5,6,7,8-tetramethyl-1,2,3 ,4-tetrahydronaphthalene ~ 0.972 0.647 0.876 1.163 1.215




BRSE: ISP BT Ce/Cu/Zn/ A EAEABUR il S 240 S W BT SE 61

ey AR TR R, A 3 TR,
AT 150 mg B, A J5 3R A A 508 3 die K AH

CAAE ] #
70 | —=— Lignin conversion 450
—e— Phenolic compounds
65 | 145 &
° 2
& 2
2 e0f J40 3
£ <
& £
2 2
g 55p s 2
<
£ S
& sof 30 £
- £
v
=
4 25 &
40 1 1 1 1 1 20
260 280 300 320 340
Temperature/°C

P15 I I o A Jo 2R e A R B IR AR A S
Fig.1 Effects of reaction temperature on the lignin

conversion and the yield of phenolics

2.2.2 S Juf Bt [a] f 5 0 TEAR T Z 300 mg, HIEE
15 mL ., AL 150 mg F1EZ 0 IR BE 320 °C ) & 14
T, 8 N I [] X A i b R R I 2 P R ) 5

Wi pl P2 A0, A T B A 3R i S I A ] 3% T i

75 55
—&— Lignin conversion

70 } —e— Phenolic compounds 450
65 d45 &
S 3
E g
S 60F 140 3
b £
I E]
£ &
g 55+ 135 £
] 5
5 1. =
=T ///‘\« 1% %
1 2
~

45+ 425

40 1 I 1 2 1 1 2 1 20

30 60 90 120 150
Time/min

P 2 J52 IO s )Xo A it 38 e A 3R B 267 AR (K 52 )
Fig.2 Effects of reaction time on the lignin conversion

and the yield of phenolics

2 BT, 7E 30 ~60 min 2 R TRE
TE 150 min B35 %) 67.33%. [ 52 7 st 18] 6 185 im 73 25
FERRSEA R, (R AR AR RN K, BB RE K
Jof Fsf [] X6 P 288 7 e g R AN K.

2.2.3 fE b5 A & TEARBT R 300 mg, HIEE 15
mL ., S E] 120 min A58 I8 BE 320 °C /) 41
T, AR A T 3R A Al R R 2SR
AU SRR A R R | I NG s Az

70 40
—a—Lignin conversion
+—e—Phenolic compounds
L | S
@ 65 35 E
] s
02 o
@ =
g E
= 60 130 g
=]
51 £
] ]
& P
3 S
55+ 425 §
=
~
50 1 1 1 1 1 20
50 100 150 200 250
Mass of catalyst/mg

P 3 AR TR TR XA B R e A3 S 287 R B 2 )
Fig.3 Effects of dosage of catalyst on the lignin conversion

and the yield of phenolics

N 67.33%. MAHEALT PR A ARSI I, AR A9 5L
TIPS, XTSI g 2 A5 Y
IMAEREACTR) A A= RAIF TR, I B 5
B f e AR A, ARSI IS, AR B e fb
N RE. M2 YE R, T 2 A B
N, e S TR AT 4 R, DR 2 Y
JEARREAR

2.2.4 Wi IR 4 w1, IR R
RS AR T 3R 9 i A M. AR TR R e A R B

70 50

—=a— Lignin conversion
65 |- —®— Phenolic compounds d45
: S
I
g 60 40 8
£ <
z 55} 135 2
: E
E 8
& sof 130 ¢
= 2
g
45 425 £
40 1 1 1 1 1 20

1.0 1.5 2.0 2.5 3.0
Initial pressure/MPa

(] 4 AN[RI0) iR F 0% AR B3R e AR 38 A 52 i)
Fig.4 Effects of initial pressure on the lignin conversion

and the yield of phenolics

JEJTBE RGN, WG T8 1 MPa BRI 2 5%
RN 45.6% , 250046 E T30 3 MPa i AT LGS ]



62 2 T g

66.4%. Wi WG 1 4k S T s A R R AL R4
K, AR R R T 2 5 B0k A il A 0 4
i, SRS A PR 1 2 MPa.
2.3 F=HI89 FT-IR 534

AR | WAL S AR 5R Y FT-IR 4 Hrdn
K5 Fim. IWEITaT LA, #E 3450 em™ B AETE

W\«w
Wb

a

Transmittsnce/ %

1 1 1 1
4000 3000 2000 1000 0
Wave numbers/cm™

Bl 5 KRB (a) , WAL (b) S ASRH (¢) 19 FI-IR 7387
Fig.5 FI-IR analysis of lignin (a), liquefaction product

(b) and residue (c)

O—H Wh4a PRI 1700 em™ MHEZEE C =0
fgadRshe"™ | 78 1505 ~ 1605 cm™" XI55 P4 F 16 2
FEMMECEY I E AR . 7E 1200~ 1300, 1324
em™ M IE FE7E C—0 Al C—O0—C 1 % 3h WLk
700 R AR A PR AR A R . 5K
FREMLL, AR YIAE 1200~ 1300, 1324 cm™' i
FEAE C—0 1 C—O0—C MR M 55 , 1 IV
it 2 v kS K T 2.
24 Bt RAERRREELERIIERR

DA B RN A A B VE S BB , 43 B Ak 700 %
Lo F IS T XA = o A s e A 1)
S R R A B AL ) GC-MS R
T E 6 . WEH AT LUE H, 2RI
RGBT, AR Ey AR /B R R g A 2- P 3
ORI, TE AT IS WAk =4 2 B4 4y A ] —
#K1,3,5-=HIF 2.4 6- =KW 2,6-"H
FERESE B Ce/ Cu/Zn/ Al AL F B I AL #E T 24
iy 5 Y e A o A S

17 kg A I I A 7= 1) S B IR R AR
PR, RV 4 h 50T, ArelAm g
AILEI AR, R R AR ) I N 53] 3
WAIARE. I AEE, BA A i b A 3k H &

534 %
OH
OH
C &
o OH
o [ e
' |
| Ju A A
catalyst4 h
OH
No catalyst4 h {
L
; ‘ 1I0 ‘ 1I5

Retention time/min

P 6 A B e I 5 HY R A T GC-MS B it 14
Fig.6 GC-MS total ion chromatograms of degradation

products of phenol in supercritical methanol

OH

0
catalyst ! "f’i g‘tﬁl {);Olﬁn TOH
|

catalyst4 h

.

€

No catalystL h L (,)HQ

1 L 1 1 1

5 10 15 20

Retention time/min
P 7 BRI e R I S b e I 89 GC-MS
MBI
Fig.7 GC-MS total ion chromatograms of degradation

products of guaiacol in supercritical methanol

AW, T IR Ry, B SN B ] A G T, e
FEOR W R B FE S N T8 1 22 H R WAL )
Mo 2,4,6-—H B 1,3,4,5-— R |
2,4- " HIRIEWY  1,3,5-=H3IE 1,3,4,5- DU 3
ARG,

3 &g

HIE A H B LD Ce BUME Cu/Zn/ Al R AL
BEMEATR R SIS, AR H R, B35RtE
2R RONIIRE 320 °C, W] 120 min, AL
FIFHE 150 mg, AR ST 2 MPa, BEI AR &K (05
L3R F 67.33% , W27 2k F 30.84%. BEE I



CERE]

HOEE, HIGRFHEET Ce/Cu/Zn/ A AL R ZH & WAL A WHIBT ST 63

FERTHE, WAL rh = H R B f b, i g
FREOR Ty 5 s 3G . DR I S @ B K 1y S B AL
LA TR IR AR 1) o AT SRR A B 52
M. FETCHEAL SR, A5 P S g AR By — A
FERR B A RIS, WA Ce/Cu/Zn/Al fEALFH
Je, IR T R SRR Y B e R O, AR 2 H
FONM A Z2 R, Ce BUPERY Cu/Zn/ AL AL
T R A L SRR S R . A AR
PIBEEEAL N, MTTA B T KR B SR .

S0k
[1] Kubilay Tekin, Selhan Karagoz, Sema Bektas. A review

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

of hydrothermal biomass processing[ J]. Renew Susta En
Rev, 2014, 40 673-687.

Vineet Singh Sikarwar, Ming Zhao, Peter Clough, ei al.
An overview of advances in biomass gasification[ J]. En
Environ Sci, 2016, 9(10) . 2939-2977.

Luo Xian-feng (% 0%) , Jin Qing-hui (4 FK#%), Sun
Xiong-kang ( #MHEHE ). Research progress on catalysts
applied in catalytic liquefaction of lignin ( A Bt ZR L
AL AR B F s e e ) [ 1] Guangzhou Chem Indus
(ST, 2017, 45(22) ; 4-5.

Wu Xiao-yu( %lEF) , Lv Xiu-yang( & 75FH) . Chemical
reactions in supercritical methanol ( J# IIfi 5 B i b 19 1k
22 W) [1]. Mod Chem Indus (B4 #EJ2) , 2009, 29
(12) . 26-30.

Tsukahara T, Harada M, Tomiyasu H, et al. NMR stud-
ies on effects of temperature, pressure, and fluorination
on structures and dynamics of alcohols in liquid and su-
percritical states[ J]. J Phys Chem A, 2008, 112(40) .
9657-9664.

Nielsen J B, Anders Jensen, Madsen L R, et al. Noncat-
alytic direct liquefaction of biorefinery lignin by ethanol
[J]. En Fuels, 2017, 31(7) . 7223-7233.

Luo Jia, Yang Ya-ting, Yang Xing-xia, et al. The forma-
tion of char, gaseous and liquid products during lignin
carbonization in super- and subcritical solvents[ J]. Chem
Select, 2017, 2(9) : 2828-2831.

Galebach P, Mcclelland D J, Eagan N M et al. Produc-
tion of alcohols from cellulose by supercritical methanol
depolymerization and hydrodeoxygenation[ J . Susta Chem
& Eng, 2018, 6(8) : 4330-4344.

Turco M, Bagnasco G, Costantino U, et al. Production of
hydrogen from oxidative steam reforming of methanol: II.

Catalytic activity and reaction mechanism on Cu/Zn0O/

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Al, O, hydrotalcite-derived catalysts[ J]. J Catal, 2004,
228(1) :56-65.

Yfanti V L, Vasiliadou E S, Lemonidou A A. Glycerol-
hydro-deoxygenation aided by in situ H, generation via-
methanol aqueous phase reforming over a Cu-ZnO-Al, O,
catalyst[ J]. Catal Sei & Technol, 2016, 6(14) ; 5415-
5426.

Barta K, Matson T D, Fettig M L, et al. Catalytic disas-
sembly of an organosolv lignin via hydrogen transfer from
supercritical methanol[ J]. Green Chem, 2010, 12(9)
1640-1647.

Wu Yan-hua, Gu Fang-na, Xu Guang-wen, et al. Hydro-
genolysis of cellulose to C4-C7 alcohols over bi-functional
Cu0-MO/Al,O,(M = Ce, Mg, Mn, Ni, Zn) catalysts
coupled with methanol reforming reaction [ J ]. Biores
Technol, 2013, 137, 311-317.

Sanjay Patel, Pant K K. Selective production of hydrogen
via oxidative steam reforming of methanol using Cu-Zn-
Ce-Al oxide catalysts[ J]. Chem Eng Sci, 2007, 62( 18/
20) ; 5436-5443.

WangWen-liang, Ren Xue-yong, Li Lu-fei, et al. Cata-
Iytic effect of metal chlorides on analytical pyrolysis of al-
kali lignin[ J]. Fuel Proce Technol, 2015, 134, 345-
351.

Liu Guo, Bao Gui-rong, Wang Hua, et al. Ce modified
Cu/Zn/ Al catalysts for direct liquefaction of microcrystal-
line cellulose in supercritical methanol [ J]. Cellulose,
2019, 26: 8291-8300.

Du Fang-li (#:75%¢), Li Yan-ming (2278 BH), Xian
Xue-quan( #E244L) , et al. Lignin to monophenols in i-
onic liquid-water system ( #FIRAR-AKILEFIVEH T K
BRI 2 Y BB WFSE) [J]. Mod Chem Indus
(BRAET), 2019, 39(2) : 144-148.

Shui Heng-fu, Zou De-hai, Wu Hui-hui, et al. Co-lique-
faction of xilinguole lignite and lignin in ethanol/water
solvents under a cheap iron ore catalyst[ J|. Fuel, 2019,
251: 629-635.

Yuan Tong-qi, He Jing, Xu Feng, et al. Fractionation
and physico-chemical analysis of degraded lignins from
the black liquor of Eucalyptus pellita KP-AQ pulping[ J].
Poly Degra Stab, 2009, 94(7) . 1142-1150.

Zou De-hai, Yang Xue, Shui Heng-fu, et al. Liquefac-
tion of thermal extracts from co-thermal dissolution of a
sub-bituminous coal with lignin and reusability of Ni-Mo-
S/AL 0, catalyst[ J]. J Fuel Chem Technol, 2019, 47
(1):23-30.



64 a4 F  fiE o534 %

Study on Ce/Cu/Zn/Al Catalyzed Conversion of Lignin to
Phenols in Supercritical Methanol

HUANG Yu'”?, BAO Gui-rong™’ ", LUO JIA*, YANG Zhi-xiang’”, LIU Guo>*, HUI Shuo>”,
CHEN Jing™?, LI Jia-wei*”’

(1. Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650000, China;
2. College of Metallurgy and Energy Engineering, Kunming University of Science and Technology,
Kunming 650000, China;

3. State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization, Kunming University of
Science and Technology, Kunming 650000, China;

4. Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Kunming 650000, China)

Abstract; Ce/Cu/Zn/Al catalyst was prepared by co-precipitation method and applied to the catalytic liquefaction
of lignin in supercritical methanol. The effects of single conditions on lignin conversion and phenol formation were
investigated, and the optimal reaction conditions were obtained: reaction temperature 320 °C, reaction time 120
min, catalyst dosage 150 mg, initial pressure 2 MPa. The conversion of lignin reached 67.33%, and the yield of
phenols reached 30.84%. At the same time, the effects of the presence or absence of catalysts on the types and se-
lectivities of liquefied products were analyzed using phenol and guaiacol as model substances. Ce/Cu/Zn/ Al promo-
ted the reformation of methanol and its alkylation reaction with model compounds phenol and guaiacol, so that a
large amount of alkylphenol was formed.

Key words: lignin; catalytic liquefaction; Cu/Zn/ Al catalyst; phenols; supercritical methanol



