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Abstract : Kraft lignin is a by-product of the pulp and paper industry, obtained as a black liquor after the extraction of cellulose
from wood through the Kraft pulping process. Right now, kraft lignin is utilized as a low-grade boiler fuel to provide heat and
power but can be converted into high-calorific biofuels or high-value chemicals once the efficient catalytic depolymerization
process is developed. In this work, the multi-functional catalyst of Ru-Mg-Al-oxide, which contains hydrogenation metals, acid,
and base sites for the effective depolymerization of kraft lignin are prepared, and its lignin depolymerization efficiency is
evaluated. In order to understand the role of different active sites in the lignin depolymerization, the three different catalysts of
MgO, Mg-Al-oxide, and Ru-Mg-Al-oxide were synthesized, and their lignin depolymerization activity was compared in terms of
the yield and the average molecular weight of bio-oil, as well as the yield of phenolic monomers contained in the bio-oil. Among
the catalysts tested, the Ru-Mg-Al-oxide catalyst exhibited the highest yield of bio-oil and phenolic monomers due to the synergy
between active sites. Furthermore, in order to maximize the extent of lignin depolymerization over the Ru-Mg-Al-oxide, the
effects of reaction conditions (i.e., temperature, time, and catalyst loading amount) on the lignin depolymerization were
investigated. Overall, the highest bio-oil yield of 72% and the 3.5 times higher yield of phenolic monomers than that without a
catalyst were successfully achieved at 350 C and 10% catalyst loading after 4 h reaction time.
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2.1.

2 AFo] AF8EH AJeFo 2 Sigma-AldrichAe] I E
2] 1 (kraft lignin), T} 1< A E(MgO, 97%), FH& &
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2.6. MAM2 M

Hlol 909l v kA SREEY) A4 % HBEAL o) 2
Z 0]23} A%7](flame ionization detector, FID)2} HFE4]7]
(gas chromatography-mass spectrometer, GC-MS, Agilent 7890A,
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Figure 1. XRD patterns of the commercial MgO and prepared
Mg-Al-oxide catalyst samples.
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APdEo] X5, §3] St Al7] 2 e A7) AR Ee] &
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Table 1. Textural properties of the prepared catalyst samples
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Figure 2. Temperature programmed desorption profiles of ammonia
and CO, for the Mg-Al-oxide catalyst.
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L A2 oF 2 9t} v 7] EAL 7bK MeO EHE A
/3 AL, Hlo]Q 0 Y 482 343%FE Z7}5l1, SR &2
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Ru-Mg-Al (imp) £2] 79, H0o] QY 82 322%E A
oFF I, SR &2 50.2% FJE Ik Herdoz gad &
A7F AwASE B FEl HeF 0] oA F5H tiH|
SIS AR’ A, A3} o] AA FIISIAAI, o
TR0l W2 FIF Aol= 18 FA] Y= Ao TEESI

S 2444 Aolo] g itz Hiole e Yof| ZFtE HE
A GFA oA ek F3lo] BT Figure 3004 K
=ol, Zt7te] Euf ARgo] WE TFgA &2 GCoA HEE
AA 132 wH=9] o= vlugt A3, GC HWAZLo] F51)
(765) < MgO (1028) < Mg-Al-oxide (1071) < Ru-Mg-Al (imp)
(1280) < Ru-Mg-Al (cop) (1380) &0 & Z7}slich AAA 0
2 759 AL, 7P R I A e YEHWRIY, <X

Catalyst BET surface area (m* g™) Total pore volume (cm® g™') BJH pore diameter (nm)
MgO 5.0 0.03 N. A.
Mg-Al-oxide 220.0 0.39 3.8
Ru-Mg-Al (cop) 2259 0.37 43
Ru-Mg-Al (imp) 212.2 0.23 3.8
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Figure 3. Effect of catalyst on the yields of bio-oil, solid residue
(SR), and phenolic monomers. Reaction conditions:
Temperature = 300 C, Catalyst loading amount = 10%
with respect to lignin weight, Reaction time = 1 h.

Hog J71A, A, 24 SHE s A &
o] 4P o Zrlo HeS Holelth, A ATl uje
W, Mg0 52 Mg-Al -oxide@} 72 1A A/F 7] Eu] Aol A
199 C-0 282 F2 o2 5f(ethanolysis) HFH-S
Satol AekE 4 9ok W THEROT TS 34 24T

gad &3 ¥hg F oEEEREH E54ast W2 59
T, 328 $45 A8}l 2140 Co A%
e A

Fd & 3?-50] %bﬁﬂoi, 7P =2 A & ‘/}E’r
W o2 wekEn 223 e e BUES B9 A9
0 2 RuE FA3F Ru-Mg-Al (cop) 1|71 THHES 53] RuEs
HARE Ru-Mg-Al (imp) SHiETh & &2 & 782 Ho
F3E, ol BANL B3 VA Ruh Me-Al-oxide 29}

718 Wil Eot 5 & A Hedd Aos ddE
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Table 2. Effect of catalyst on phenolic monomer distribution
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Average moleculr weight (g/mol)

100 -

0

No catalyst MgOo Mg-Al-oxide  Ru-Mg-Al (cop) Ru-Mg-Al (imp)

Figure 4. Effect of catalyst on weight- and number-average
molecular weight. Reaction conditions: Temperature =
300 C, Catalyst loading amount = 10% with respect to
lignin weight, Reaction time =1 h.

T Bt SAFM, B M) HIE HolEr A7 B+t BA
< 7|02 Hud & o, FFujo FL, 7P R 737 ¢
mol'9] BAFS HojFola, Eujg ARSSH B, EAlgo]
830 ~880 g mol'2 F7F5th. AutE o2 ZujE Afo]o] &
AeF zpol T8 IR P9kl MgO7} 7HE =2 ZHS e
911 (880 g mol"), Mg-Al-oxide (856.5 g mol™), Ru-Mg-Al
(cop) (843.5 g mol™), Ru-Mg-Al (imp) (829.2 g molH)Q] &0 =2
Aottt ol=et BARF A AR S W AR/A71R/
a4 @4%0] 7SS gad &9 8&0] S7tste A

& olelatel, Figure 3o et B 5 371 A%t 4
At Eohg AT A, TEU B9 wrt ol &
Aol B A e ol el Ba) Aol Z7istel 3
A RSO vloleedr rlHow MstE Y] wito|
o). o|@A #71Ho s AT Hole QAL KTt RAL B
S= 740, vlole ool AA B BATL Z7H717)

A},

GC-MS Percentage Area (%)
Compound - -
MgO Mg-Al-oxide Ru-Mg-Al (cop) Ru-Mg-Al (imp)

1 Guaiacol 12 4 8 12

2 2-Methoxy-4-methylphenol 5 2 5 4

3 Benzeneethanol, 2-methoxy 12 6 13 12

4 2-Methoxy-4-vinylphenol 2 2 2 2

5 Eugenol 1 1 2 1

6 2-Methoxy-4-propylphenol 3 2 5 3

7 Vanillin 5 4 4 4

8 Phenol, 2-methoxy-4-(1-propenyl) 9 7 11 9

9 Acetovanillone 5 6 4 5
10 Guaiacyl acetone 7 8 5 8

11 Ethyl vanillate 7 10 8 8
12 Ethyl homovanillate 6 7 5 5
13 Dihydroconiferyl alcohol 21 36 25 24
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Figure 5. Effect of temperature on lignin depolymerization activity
over Mg-Al-oxide and Ru-Mg-Al (cop) catalysts.
Reaction conditions: Temperature = 300 or 350 C,
Catalyst loading amount = 10% with respect to lignin
weight, Reaction time = 1 h.

& HoFTt. Guaiacol, vanillin, 2-methoxy-4-(1-propenyl)-
phenol, ethyl vanillate, dihydroconiferyl alcohol 53 Z+-2 THaF
AEol E& HlEE AU, HEA] & slo]=EFA]7|9} T
ol AE, ¢HsIE, 7IE25477F Z3td tha AL 24
T H=A SFEEE0] 2 BGEUT. o2 Table 200+
Z7151A] &3k oY, 2-pentanol, 1-hexanol¥} 2+ 114 &4
SFSHE3} ethyl butyrate, ethyl hexanoate 9 Z+-2 | AH S1eHE
ERF AP AGEI o2’ dFEE W AAH IgES
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Figure 6. Effects of temperature on the monomer yield and average
molecular weight for Mg-Al-oxide and Ru-Mg-Al (cop)
catalysts. Reaction conditions: Temperature =300 or 350
C, Catalyst loading amount = 10% with respect to lignin
weight, Reaction time =1 h.

E YR ATH39% vs 36%).

Figure 622 §Bhg =0 w2 TefA $&3 Hio] 22 U9
Bt 2AF HIE HojEnh Mg-Al-oxide®] 3¢, ¥HE2k
7} 300 CollA 350 CE F7Fe uf &4 $~&0] & Jo=
Z7Fet o, Ru-Mg-Al £1j9] -9, dFA &2 A9 ¥
slolA] ghokth ot BAFFY] B9, F S BF 2% 71
wEt A Fristolou, MAIAQ wekEe 8 A4 4%k
o} Mubgo g " ewE 350 TR Z75t9S W, & &)
HEoA 2ad & mgol A FUhsten, a4/4Ha
714E 2% ZHHOE 7H Ru-MgAl (cop)7t T2 A%
o 2t YOd £o 882 Ve AR UERT

Table 32 % =] Ru-Mg-Al (cop) S AollA §H &
T2 350 CE 14sta, & gt kS A7+ MRS
o, 7o) & Fad £l ¥ 23 HolErh S 71
= AFEEQL 10% (FE gad FA diEholA 30%= 58
$E Hlo] Q0 Y &L 50.7%0]4 39.5%=2 Faston, 1
A AAFE & E3F 36.1%004 31.3%E 7HAste]c} Hio]Q
299 Wi BEAFEFL 899.1 g mol'of|A] 836 g mol'&E AT
R, A &2 1404004 187302 F7FSEGIT. o= gt
IS ik S Aol F7tetel whet whgofl Xoishs &
o gg70] solu g)lad £a) Z&o] F7lste] Kt 7P
EAE F4E ol e o] BAE IS Yu|gttt. ¥ HE
0] QYU F&o] Fast= olf= A=t FHf A-EOo= Qs
Ho] @ @ o] C2-C4 ©3alpaet 42 A2 EAEE 2/A
7hA BARER ATET] iRl Ao R watET)

HhH Sl AFEREE 10%E 8 AEfolA, ¥R Al
0.5 hollAl 4 hW7HA] 5845 Bl F&2 39.9%CNA4
T1.9%71A] Z7 sk, 1A ZAFE 82 49.7%00 A 15.2%7}
A aste] B 3 9 AHe 25 A STtk 2oE
Uelgth vo]le e o] EEE kAl & EZE 1279904
26198 F435| F7ete, 7MY =2 9EA &2 HoFSl
o} ol2gt A= RES AZto] F7etel weEl S45/A4h A7

7



196 A3 - S8 geulor - AR

Table 3. Effect of catalyst loading amount and reaction time on lignin depolymerization activity for the Ru-Mg-Al (cop) catalyst at 350 C

. . Product yield (wt%) ¥
Entry Catalyst loading (wt%) Reaction time (h) Monomer area (a.u.) Mw (g mol™)
Bio-oil SR
1 10 50.7 36.1 1404.1 899.1
2 20 1 424 35.1 1763.2 837.1
3 30 39.5 31.3 1873.1 836.3
4 0.5 39.9 49.7 1279.1 899.1
5 10 2 55.3 33.1 1807.3 856.3
6 71.9 152 2619.4 905.7
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