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B B EAEEURENLABEBRBE, YRR RN et R RS AN A R —. ET
AR, BRBASE, WA TEWNRERAS S PERLIIE (SHE, separated esterification and hydrogenation). —
B4 1k N & (OEH, one step esterification-hydrogenation ) & — 5 e {b i & /5 =~ X & ( OEH plus, one step
esterification-hydrogenation plus second hydrogenation process) HIIRFUTHE, %8 Tt E BEMEILH (Mo-RN, Mo-Raney
Ni) K Rw/C HEAFIELEDHHIREEREMERFHMER, HFR TERE- ISR MTERRNERE. SREHE, £
MEAFERN- IS ELE S, WMAERS BN EERS, P& B EEGE. Hh Ll OFH plus 1& A5 1 £ Y
Y, M, BESBER, S0IE 7421%H 9.96%. Ak, RFEHAED M pH ARBRE FRENEE, AWM pH H
RS ETH 3.67 1R %) 5.88, BB 111.52 mg/g AR 11.75 mg/g. Mo-RN & Rw/C ELFIZERL- AR B THESE AN
BRI, BRI BRRE. REE R AL InE R TS A YIS I Hl & S SRR i g e,
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1.1 R EH

R BT F A Wi SRR A MA AR BR R AE 580~600 CI
BETHEAMEFRE 100 CUTHERAS, UUTH
FRAEY M. 5%Ru/C #ALFIHE T FER T RAH
PR 2 7] o Mo-RN W FIGE F XE#E AW THBAF.
FEE (=99.5%, A4 METRETEFRALT
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1.2 REKBRTE
1.2.1 HHEein s
¥ 12g w12 g FEEIMA S0 mL RME (RN
KERWE 1R , BLERENTFRGE, REEN
RNHIE N 3 MPa. RN E N 240 C, MIENREEE)
RN EREE TG, W R NEER 4h. RVES
AR HEZE, WEBMY (ES) #17T GC-MS R1E.
BEJE¥ 12 g LR (ES) RAEALFH] (Mo-RN B}
RWC) A 50 mL SERMNE, FHH,BRENTSE,
WEENRNAIER 3 MPa. R NERE R 200 °C, RN
WA 4h. RNEREANEZE, WEBRMEEY
(SEH-Ni/SEH-Ru) #HfT GC-MS FI1E,

Electrical machine

IE=

FRERRAR 1B gt T D

Controller

:
;
i

B1 FEEXRERRABEAEE

Fig.1 Flow diagram of semi-continuous slurry reactor

1.2.2 —#kEfemE

12 g Yl 12 g P K AL (Mo-RN B Ru/C)
PN S0mL RN3E, HH, BREANTSE, REENR
NI A 3 MPa. WA & A 200°C , 58 R M B[] 4 4 ho
ERNGREAHNEZER, WEBRMHEFEY
(OEH-Ni/OEH-Ru) #4T GC-MS FKAE.
1.2.3 —3ikdsem e =k mE

# 12 g OEH-Ni &35 4P KL (Ru/CD
WA SOmL mERNZE. AH,ERENTSE, KES
RN R 3 MPa. R EER 120 °C, #52E RALET[E]
A 4ho RNEWRGAHI 2 EIR, WEBAHF=4)(OEH plus)

BT GC-MS F1E .
1.2.4 B E EAE MK

¥ b R R JE AL FRER S R R R R Bk, BT
BRFREAF ZRER AR P RS iR OEH-Ni X OEH
plus RMNVARF, iZ%id#2 F3C24E OEH-Ni', OEH plus’.
1.3 =9

EP A K EMRRA KR EE (915KF
Ti-Touch, Metrohm) ; BR{H (TAN) R EE®ERM w2
& (916 Ti-Touch, Metrohm) ; SAFBH=H 2 ME
ZHEAS 6890 SEEIE (GC) K GC-MS200-SERIES,
WA HP-INNO Wax Polyethylene  Glyco
30.00 mx250 4m=0.25 um (19091N-133 % 5) . Frfgss
REE BWHNRG SRR ERERATILER S5, B30
SZRPEMNYROKRESHEMBAELMEXR, THT
KBS, ALK EEHETY GC-MS BHREE.

YL E, WiklcE

Y= A=) R B/ R N SR E X 100%.

2 #HREIHE

2.1 SPERLME

bR I E R NRT B AR S R 1 FiR.
HEE 185, EPmRmPEBREERIL 39.41%, @idx
AP TR R, REEBRE 1240%; FHNH,
RS EH 5.64%REE 37.46%. BlLin, FEELE
YR & B 17.20%8 4.36% KR 5.27%F0 0.15%, itk
AT WA R . BRI R RER, BIEAE RN
AT B LT R PRI 70%M 96% ML ER ., R
VIR EBEAANE 4.32%ME 12.27%. SRS,
AP BBy R R R BT

ST EEALFE AT IR R B, 2 FMEALTIRE FAE—
EE YRS TEYHPENENSE, dfEAmPH
BEEEN 1227%535IREE] 43.06%H 56.61%. HILFE
B, 7€ 2 FYBATIBIERT, MRAERELAYNESE
H AT REAR, XULHIAE Mo-RN 1 Ru/C 4k AT LARHEIX
2 KM RHIME R .. 5 Ru/C #EL, Mo-RN 7& i Fi2% .
AL EMRIAE TH TR, FARENATRESD,
Mo-RN 7] Lt — PR KU S WAL .

#1 STBUNS-HEFDSE
Table 1 Liquid product distributions of SEH process

e e [ [ 13 ] ) 33 .3 7 Al
0Oil Yield Alcohol Ester Acid Ketone Phenol Aldehyde Ether Hydrocarbon Others
Raw-oil - 4.32 5.64 3941 17.20 18.99 436 7.20 1.53 1.35
ES 92.37 12.27 37.46 12.40 5.27 17.17 0.15 6.82 5.55 291
SEH-Ru 95.19 43.06 16.62 11.32 5.96 10.25 - 7.23 4.05 1.00
SEH-Ni 91.25 56.61 15.70 9.24 1.53 8.48 1.00 247 2.93 2.04

H: A4S SBREVHANELSEBL%UA. ES: 12g4YH, 12g F8, ROEMAE 240 C, KEAIE 3 MPa, RMETE 4 he ES+Ni/ES+Ru: 1g
Mo-RN/0.5 g Rw/C, 12 g Bafkith, KACIRE 200 'C, RMHIE 3 MPa, RMATIE 4 he

Note: Content of all components were kept in error range within £5%. ES: 12 g of raw bio-oil, 12 g of methanol, temperature of 240 “C, H; pressure of 3 MPa, and batch
reaction time of 4 h. ES+Ni /ES+Ru: 1g of Mo-RN / 0.5 g Rw/C, 12g of esterificated-oil, temperature of 200°C, H, pressure of 3 MPa, and batch reaction time of 4 h.

2.2 —HEEnS
BT LB mERNER, BB ITIEI
R Beks A i o B RR 58 A F AL h R, AR AP FE Y

BWHT, REBESHESRME, Kk, BERT EEK
FFAE T AT — P B/ B RN HIBT A . MR 2 AT L
B, —BEAL/INE R R KVBAR Y R AT A 94%
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Pl E. Ru/C % Mo-RN 4kt #2 e, it 70%HB%E
YIRS REAERENAERE, STHIENENHFAR
2, X R T AR BREEAFIMERTH—B M
SAERE. HEM BT, B Mo-RN 4L
FIRBE, RwC AT I H B 5 502 3B 2R R R AL
HE— DB YERE, 5 Mo-RN =4+
% (11.43%) MEESE (17.15%) Mk, OEH-Ru =¥
PP B RIS & B 9 51N 8.12%F1 8.01%.{H 2, Mo-RN

fE AL TR IR HH B 58 I By R A BB A6 & 9 o & A4k
FEIS1OL 7 Mo-RN ELFIER T, Wl BIRYRSTE
SEI B A AR 17.20%F 18.99%546 K 1.56%F
6.60%, LT Ruw/C FIEMAIME C=0 MEHKEME. 2T
XFEERY R, 2 FrEAR ERREKEL NS
fit, LI 80%HIEEARYFEHE . & Ru/C Ml Mo-RN
AR G Y A BEEE S B 5 5l AV
9.96%IR H £ 58.31%F1 71.95%.

xk2 —OBRUNSREFYLSE
Table 2 Composition of one-step ES/hydrogenation oil

i Oil W Yield &% Alcohol  BS Ester 2 Acid  Hd Ketone %) Pheno B Aldehyde  &f Ether 4% Hydrocarbon  Ath Others
Raw-oil - 4.32 5.64 39.41 17.20 18.99 4.36 7.20 - 1.35
OEH-Ru 96.14 50.30 8.01 8.12 11.01 17.25 1.25 3.81 - 0.25
OEH-Ni 94.44 54.80 17.15 11.43 1.56 6.60 1.06 3.14 2.04 223

¥ AN SRBRENENEAS A BL%UN. RN ES/Ni ES/Ru: 1 g MO-RN.S gRWC, 12g ¥, 12g FE, RNEAE 200C, REYIE
3 MPa, IR 4 ho

Note: content of all components were kept in error range within +5%. Reaction conditions: ES/Ni, ES/Ru: 1 g of Mo-RN / 0.5 g Ru/C, 12 g of raw bio-oil, 12 g of
methanol, temperature of 200°C, H, pressure of 3 MPa, and batch reaction time of 4 h.

5 SEH i$#E4H He, Ru/C AR B S B OEH i,
Be AR & B E MM HRER, XRE RwC EAFIERT
— SRt S R E T RS R R . X
FH. B2EPFKE, RwC M Mo-RN RILH AR K2R
tha%y, #H27E OEH 24, Mo-RN ¥ 5 T ¥ Hi. B
K SYINE R, 5 SEH 3D MR R A B
AL, Rw/C ER T # OEH BURM 8 . Bystb &t
WRRRZE. fEA R, OEH iTF2AT A4k SEH A8 4
SR, T EACRR. BRIk R AR, [T, Ru/C
fEALF S Mo-RN AL 7L i AL BR AL D& 75 THT , %o A~ ] ol
YRR T A E SRS
2.3 —SEmERIIMERELTZRIER

7£ SEH M OEH BEsfb- IS FEHRi sl b mT 40
Mo-RN A4S AP o A ERE W B RERAL B 0 B i
AR EIEH, RWC BURIEHREERL SR REN
BE. hFEIFPEESEARmIEEYE, ZE9 A E
By A BN EE A OEH-Ni 4IRS 1 45, Xt
OEH-Ni W7 Z AW 5, RIS =94 i LA 2.

% KNSR, YIS R BEE . BE 2,
iR, ZRINEGIRE FBAEF= YR R 1L 98.99%. B\ B
KUY FEEEH B, /75 H OEH-Ni =¥+ 17.15%.
6.60%MZE 9.99%K& 1.35%. B MHEERFBEHE
AR AT RER T AW M HA A F B AT R LB
BRMRMERARE, W= AERE, BB
YREEWEHHE. N, BEENEE®MN. £
ZHRMERNE, 153 84.20%BERE S B AEYIH. i
WUk A A — BB ISR R Z KNSR & A& A
TEXTEYMBEATIR R, SRS BRSNS ER
BRI EINA g%,

7E OFH plus it 2 FHAAMWTIE S MFE G, Kt
FL 1R 8 Mo-RN K Ru/C EALFIS T K 282 ) gk
THE, #ATEYM OEH-plus RV 2 RIFARR. 5
FEFETIAELL, MR | R FIZERAE = I
RABABE S 877 HIEH B, B YREY X 93%

Bl b, OHE RMNATITT 18 68.37% MM AEIE: &2 (LK 2).
B —Ag FAEALFAR EE, kA8 F A 4L 77 1Y, OEH
plus X N =) R A BEES & B 84.20% % & 75.48%.
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a. Liquid composition distribution from reuse of catalyst

100

W Yield/%

-Ni OEHplus OEH-Ni

b. WARF=E
b. Yield of liquid products
TE: OEH-Ni* 15 OEH plus”: bR SR .
Note: OEH-Ni* and OEH plus*: Reusing the catalyst.

B2 ALK E LR RAR T oA BoRAR ik R
Fig.2 Liquid composition distribution from reuse of catalyst and
yield of liquid products
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SAKEBESBEHEMPH 34.81%F 111.52 mg/g &N
17.40%%0 55.76 mg/g. £Batk. ME)E, HTFERLRMNE
AR T EYMTEKERTE. M7EMER SEH-Ni
K SEH-Ru i #2H, SKELEERIL. NEREMSET
UEHYFHNREY A B, RN
55.76 mg/g MR EL RN E ) 16.11 mg/g, 4551 — D8
A G — A=Y, BAEIK 11.75 mg/g. B{#EfH
Mg, ZERAEENRK, X5 ESNI'.
ES/Ni+Ru W= msi RAH—3. pH HEEEEEMN
&, BmAEY MR 3.81 A+ 5.88.

x3 EYHMERBH
Table 3 Property of bio-oils

b BXKE ®iE pH &
0il Water/% Acid value/(mg-g™) pH value
Raw-oil 34.81+0.03 111.52+0.40 3.67+0.01
CH;0H-+oil 17.4020.12 55.76+0.28 3.8120.01
ES 20.30+0.28 16.11£0.10 5.30+0.01
SEH-Ni 20.56+0.22 13.16£0.10 5.59+0.01
SEH-Ru 20.12+0.14 13.39+0.10 5.35+0.01
OEH-Ni 24.22+0.08 16.08+0.10 5.3120.02
OEH-Ru 20.72+0.22 12.83£0.10 5.6620.02
OEH plus 25.59+0.16 11.75+0.08 5.88+0.02
OEH-Ni" 21.61+0.20 16.15+0.12 5.29+0.01
OEH plus* 22.15%0.08 11.97+0.08 5.71+0.01

2.5 RMRERE

T Mo-RN — B B inEl & Z R InE it 2 1 B 43R
FUER, Xzt e RV ERAAHATERIT, SEREK 30
MRS ERRNEET I RERERNERNAE 4 BT
N —HERINE R NAEFREMERT, 28R, AR,
THBRSESFER AR NARZBEFE. NP,
THRFHE, 0 GCMS 4R 0T LA HOX S8 A s X
IE A RN EE, thoh, BERE. 2,3-T —F%S 4
B H e B A Py 5 0 A B A SR 4R B R N &L AR oA R F
B2, FE, A9t E BRSNS EYREREET I
RN, PREERAR Y FHEEAE Mo-RN 4L/ F N
AR THREANEEEEY R, B2RYRNNE
FEREERR L, PR TRERITAE, Flih
CEE. 1,2- T,

FEZRMESRES, WAEE 1,2-H 8. 2,3-] -
SRS EEM, 25 5 OEH-NI [ 4.48%A0 6.12%E %
12.05%%1 6.17%. ZERHEE. TR FREZEEMRLD, H
OEH-Ni H1f] 8.76%%1 1.26%[&% 5.01%K 0.66%, Xt
AR AP A S R R AR — P mE.
i, PRSI AW BRI HAC . X TEBE
Y1, OEH-Ni R, Ky, R BELF A,
MR, FAEFERABRNERNBEMEMRE
2. Fln 3-BEFBF 4-FE B EY)R AP
1.71%%1 0.49%. OEH-Ni H1[#] 1.69%F1 0.48%, F =X
)5 0.52%F 0.10%, {BEE_ZXKMELRES, Ru/C #
ER T ERE R — P HEL, RPE_XnEdBENLE
Yy P EY R YR P AR RIFRIER

#F4 OEHplus IEFEYREXNTE
Table 4 Content of typical compounds in OEH plus process

4H 4y FEXT /_u"\% Content/%
Component Rawoil OEHNi  OFH
plus
2B Acetic acid 30.24 11.43 7.62
I Formic-acid 201
R 240
Propanoic- acid
3.7
3-But;}(ﬁ£%cid 2.23
L S & Crotonic acid 2.48
JXA8 Pentanoic acid 0.57
Z 1=y
Acetic aciif:j;yl ester 0.54 876 501
T B F & Butanoic acid, methyl ester - 1.26 0.66
¥2F AW 2-Propanone, 1- hydroxyi 10.01 1.10
2,3-T —d 2,3-Butanedione 2.02 -

5-EiEE, 2 (BH) -BEmEEE

2(3H)-Furanone dihydro-5-methyl L07 083 046

#%#8% Furfural 2.28 - -
VO4W% g Furan, tetrahydro- - 1.83 1.30
KB} Phenol 4.86 - 0.44
4-HI K A8} 4-methyl, Phenol 1.71 1.69 0.52
3-F1Z: %8} 3-methyl, Phenol 0.47 0.45 0.10

2- B KB} 2-methyl, Phenol - 2.00 -

2- 4 7B 2-methoxy, Phenol 1.43 0.82
2,6-— FEEK
2,6-dimef1iy, l?;ﬁol 0.33 0.72
1,2-% % 1,2-Benzenediol 9.17

517X %} Hydroquinone 1.16 - -
Z.1& Ethanol - 9.62 7.94
1,2-A &% Propylene glycol - 4.48 12.05
NEE 1-Propanol - 2.13 0.94
2,3-T % 2,3-Butanediol - 6.12 6.17
1,2-3 &2~ 1,2-Cyclohexanediol - 10.76 10.00
1,4-3 & _[% 1,4-Cyclohexanediol - 1.86 1.46
T4 $ERT Tetrahydrofurfury! alcohol 2.08 0.33 1.80
¥ JLEE Cyclopentanol 0.96 0.80
2-FI IR EF¥ 2-methyl, cyclohexanol - 1.30

3 & it

AL LL Mo % Raney Ni F1 Ru/C AT, #F
R 3IFMARBGL-MERE®RZ, FTELRWT: D
Ru/C F1 Mo-RN {4k F|f 4k SEH. OEH # OEH plus
BeftinE RN, WA EYTIE 90%LL £, 2D
3 MIEREEY—eEENRA T EYMB SR, £
VIHBREHERK, AABREBESEEERS. 30 5
SEH #tt, ES/Ni (71.95%) 1 ES/Ru (58.31%) HJ
FEHE U R 5 ES+Ni (72.31%) AT ES+Ru (59.68%) #H
Z#AR K. Mo-RN 7 OFH it 2+, WHBELEVR
T B R EGERE, W Ru/C 48 OEH A&+ N 8
T BB E M. RR— P ERLINE
MBS EMAERK, B2, WHABENELXESR
BKZ 5. L OFEH plus #42 X A #3547 U, ] EA
SeFIFH Mo-RN ALK A= 438 = IR . By 2KAL &Y
B NE, REEYmmiaert, BMH
EEEHEME Ru/C BEYmMP WS L, &
B TEEN 11.75 mg/g, pHE A 5.88, MAEESE
9 84.20%F) £ A IR R



HESH WSS LB INEIR M & BE AR R 267

B # X #f bio-oil catalytig esten'ﬁpatiop using patiqn exchange resins[J].
[1] Serrano-Ruiz J C, Dumesic J A. Catalytic routes for the Journal Othejlapg University: Engineering Science, 2009(5):
conversion of biomass into liquid hydrocarbon transportation 926—930. (in Chinese with English abstract)
fuels[J]. Energy Environmental Science, 2011, 4(1): 83—99, [12] Tang Yang, Miao Shaojun, Liu Yemo, et al. One-step
[2] Huber George W, Iborra Sara, Corma Avelino. Synthesis of “hydrogenation/esterification activity enhancement over
transportation fuels from biomass: chemistry, catalysts, and bifunctional mesoporous organic—inorganic hybrid silicas[J].
engineering[J]. Chemical Reviews, 2006, 106(9): 4044 —4098, Topics in Catalysis, 2013, 56(18/19/20): 1804—1813.
3] EEZE, B8, B ARG EIEHGR S R s [13] Tang Yang, Yu Wanjin, Liu Yemo, et al. One-step

hydrogenation-esterification of aldehyde and acid to ester

ERAHRRIITULRL. AT, 2012, 4.1 (4): 377_385.' over bifunctional Pt catalysts: A model reaction as novel
(41 Mu W, Ben H, Ragauskas A, et al. Lignin pyrolysis route for catalytic upgrading of fast pyrolysis bio-oil[J].

components a“dh zgfigrag(‘:)g:“ged;‘;%ﬁ’gy review[J]. Energy Fuels, 2008, 22(5): 3484— 3488,

roener gy/ esearch, 2. 2 : o ; . 14] Chen Wen, Luo Zhongyang, Yu Chunjiang, et al. Catalytic

5] MR, R¥, %%7‘5’ . £V SR I T ERE TS 4l transformations of acidgs},]al(%ehydes, an({ ph%nols in bio-oi}l,t to

FELT]. Kﬂlﬁ??ﬁ’ 2014, 30(9): 183—191. ) alcohols and esters[J]. Fuel, 2014, 135: 55—62.

Li Yanbin, Xu Ying, Ma Longlong, et al. Development in [15] Schutyser W, Van den Bosch S, Dijkmans J, et al. Selective

hyd;otreatmg process of b19'°11[;]]- Transactlpns of the Chinese Nickel-catalyzed conversion of model and - lignin-derived

Society of Agricultural Engineering(Transactions of the CSAE), phenolic compounds to cyclohexanone - based polymer

2014, 30(9): 183—191. (in Chinese with English abstract) building blocks[J]. Chem Sus Chem, 2015(8): 1805—1818.

[6] Vispute TlP,bHuber G W.hProduction of hy%rogen(,i 3lkz'mecsl [16] Peng Baoxiang, Yao Yuan, Zhao Chen, et al. Towards
and polyols by aqueous phase processing of wood-derive quantitative conversion of microalgae oil to diesel - range

o gﬁ;(i)gsslgrml]gm'C(iizf;tighetrgflsrtzﬁei?((})fgg’erluligig())r:l[{I‘]B3A—;)I:I?: 3 gt)kla;elsz\f;h t;i]ﬁllzcti(z)nal7 catalysts[J]. Angewandte Chemie,
Catalysis A: General, 2000, 199(2): 147—-190. [17] Rover Ma(r'())'rie R Hall Prjrick H Johnston Patrick A, et al

[8] Gutierrez A, Kaila R K, Honkela M L, et al Stabilizatiojn of bio-oils using low temperature, low pressure
Hydrodeoxygenation of guaiacol on noble metal catalysts[J]. h ; 15g1 3: p_ 0 ’ P
Catalysis Today, 2009, 147(3): 239—246. (18] Y};i?g?:ﬁ?ﬂ;]' %uud’ %ﬁon’gﬁﬁn‘ 2%1?1&123 Yizheng, et al

[91 Xiong Wanming, Fq Yao, Zeng Famgin. An in situ reduct@on Conversion of ’ furfural into c;rclopentanone ove; Ni-CLi
;}prloaclh forzgll?-(;;(gdlrgggpfj“ie;g;ng[ﬂ- Fuel Processing bimetallic catalyst[J]. Green Chemistry, 2013, 15: 1932—1940,

[10] cc g‘z}?’gy’ ¢ Jie. Wang Tiejun, et al. Upgrading bio-oil over [19] %K@JEWEF—E“& ERK. BB AYEAINE S B
different solid catalysts[J]. Energy Fuels, 2006, 20(6): 2717—2720. RO SUAREL]. I FAEML, 2014(6): 574580,

[11] EH, x1ff, THEE, . Ay s 7o s s i b Rt Zhang ansheng, Li Haifeng, ‘Wang Lailai. Development in
e i et ! H H phenols catalytic hydrogenation to generate ketones and
BEBAT]. WLRFER: TER, 2_009(5)1= 926—930. alcohol[J]. Jounal of Molecular Atalyst(China), 2014 (6):
Wang Qi, Yao Yan , Wang Shurong. Experimental research on 574—580. (in Chinese with English abstract)

Esterification-hydrogenation of bio-oil to generate alcohol & ester fuels

Chang Jiamin'?, Xu Ying?, Ma Longlong?*, Wang Tiejun?, Zhang Qi%, Chen Guanyi

(1. Faculty of Environmental Science and Engineering & State Key Lab of International Combustion Engine, Tianjin University, Tianjin
300072, China; 2. Key Laboratory of Renewable Energy, Guangzhou Institute of Energy Conversions, Chinese Academy of Sciences,
Guangzhou 510640, China)

Abstract: As a clean sustainable substitute for fossil fuel, bio-oil has properties of acidity and instability, which affected its large
scale application. Based on its high acid, ketone, aldehyde and phenol content, three processes for the bio oil upgrading were
investigated: Separated esterification and hydrogenation (SHE), one step esterification-hydrogenation (OEH), and one step
esterification-hydrogenation plus second hydrogenation process (OEH plus). The studies were conducted over Mo modified Raney
Ni catalyst (Mo-RN) and Ru/C catalyst with the light fraction of sawdust fast pyrolysis oil as feedstock. The catalysts reuse
performance and the reaction pathways of the typical components during the bio-oil upgrading process were also studied. For the
SEH process, esterification reaction was conducted without catalysts, and the hydrogenation reaction of the produced esterification
bio-o0il were carried out over Mo-RN and Ru/C respectively. For the OEH process, methanol and the raw bio-oil were reacted over
Mo-RN and Ruw/C directly. Based on OEH-N!i, second hydrogenation over Ru/C catalyst under mild condition (120°C) was conducted
after the OEH-Ni process. Over all, the oil properties were improved significantly through the different upgrading process. Through
the separate esterification process, oil acidity decreased substantially, showing the acid content decreased from 39.41% of the raw oil
to 12.40% of the ES-oil. Accordingly, the total acid value decreased from 55.76 to 16.11 mg/g. In the following hydrogenation
process, esters converted to corresponding alcohols under H, atmosphere over Mo-RN and Rw/C catalyst, resulted in an alcohol
content of 56.61% and 43.06%, respectively. Mo-RN showed better catalytic performance on the hydrogenation of phenol and ketone
compounds. In the one step hydrogenation reaction process, Ru/C showed better performance for acid and ester converting to
corresponding alcohols, showing the acid and ester content of 8.12% and 8.01% for OEH-Ru and 11.43% and 17.15% for OEH-Ni
process. Mo-RN better improved the ketone and phenol conversion, showing the content of 1.56% and 6.60%. Through the OEH
process, saturated alcohol & ester content increased from 9.99% in the raw oil to 58.31% and 71.95% for Ru/C and Mo-RN,
respectively. For the one step hydrogenation over Mo-RN catalyst along with its following second hydrogenation process, acid,
phenol and ester in OEH-Ni oil got more thoroughly conversion to alcohol compounds, leading to obtaining an OEH pius upgraded
oil of 84.20% saturated alcohol and ester content. Meanwhile, through the second hydrogenation, oil properties showed great
improvement for the total acid value decreasing from 111.52 to 11.75 mg/g and pH value from 3.67 increased to 5.88. Besides, even
in the second use of Mo-RN and Ru/C catalyst, no significant deactivation was observed. The saturated alcohol and ester content was
still kept at 68.37% and 75.84% degree for the OEH —Ni* and OEH plus process, respectively. Through esterification hydrogenation
process, oil properties showed great improvement in the acidity and stability. This esterification hydrogenation method is proved to be
a promising routine for efficient upgrading bio-gil to oxygenated fuel.
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