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YR ER L - SR Bl S B2 BR 2SR
BEE . % 20 BEAY, I4FE Kk B KEa'

CLIGHERZAIAIE 22 e/ R DL GE 2 [E XF RsBR %, R 3000725
2. P ERLA B M BESRIE TR, E RG] fEREB SIS, )T 510640)

O AENERE AR, ARl R YE R AT e P B SR R F I = RS . — o 1T
A WERRRIE i, WAL T AR A oy o PRI (SHE,  separated esterification and hydrogenation). —3%
Jig 1k i & ( OEH, one step esterification-hydrogenation ) A — L 4L & J5 — K N & ( OEH plus, one step
esterification-hydrogenation plus second hydrogenation process) HIH&BULFE, %2 7 4H S 6 JE 4R fEfL7 (Mo-RN, Mo-Raney
ND K& Ruw/C ALY s BRI AT PERE, IR T BRf- IR IS R 2 R R A . 45 RRH, )
AR FEA- ISR )G, ARS8 RS s, At S B . Horh DL OEH plus $2 54 B8 5 i A==
Wi, WRTEE, BRE RS, A T421%H19.96%. MAh, SRS A Y pH (KR E T Mk B3, AR pH (A
H S W RTIG 3.67 $27 81 5.88, BRI 111.52 mg/g B4 11.75 mg/g. Mo-RN 2 Ru/C HEALFIZEREAb- UM A% T 1 242 4 T
RERAE, HEAEPESS T BREAR. a00UE B AR FH B Ak - IR T A i o AR kG 4 B SRR I RO 1

KR WhE; A mEA; —F /o FEbE; fefeBREs
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AR RIS R E AT 2 538 1 R
Yang Tang 2"V IR S84 AU A= P — U Ak
AR, BRI B A Re b RAE R . RN
TR ERAG N FE R R OB #4647, Wen Chen 25U IRF5T 43
WA - I RE, FFEE] 100%[1 E AR . FRpFsTi
KE R AEY AL SN S, B InERE e — M
MIPIMEIE S HAE, XYM S AA R A RE -
AR I 7T A RE

ARSCEET FIRBIFST, XA A Bl A PR i A it 1)
B o AT 3 ORI ER A In AR N AR IR 5T
FEAE Mo BOPE T Je 45 A& Ru/C HEALHIVE AR LU 21 iy
IR B ) AP AR, IF Sl R A R R 1 e
I B8 A% 5 0] R R AR IR 2 SO
1 REE S
1.1 RIEER

PRI P F A=t J5ORE R R AR 4R R A8 580~600 °C it
JE R B R T ICEE 100 °C LR R 44y, BLR A
R 5%Ru/C A B T B R4 T o0
B2 ] o Mo-RN {44710 & T K3 3 4k A BRA A .
FEE (=99.5%, 4r-bral) WE T REETE FRaib T
ARAA .
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1.2 RERKERTE
1.2.1 H¥Esiina
F 12 g B A 12 ¢ M 50 mL e V58 (O
REEWE i), HHLERSNTAE, BEEN
FNAI R 3 MPay N A 240 °C, LSS N EEAF)
RN E WL G AR T, W8 RN A 4 he [V 45
WEAHI R =, WA (ES) 21T GC-MS EAi.
BEEH 12 g BiRP=9) (ES) KAEALH] (Mo-RN X,
Ru/C) AN 50 mL i)k e %, H H, B#HENTSE,
WEEN RN 3 MPay ONIEE & 200 °C, NI
K 4he JRMNERGAINESE, KWEBMH>™Y
(SEH-Ni/SEH-Ru) Ht1T7 GC-MS 1.

Electrical machine

Controller

B1 FEgXEERREERAZH

Fig.1 Flow diagram of semi-continuous slurry reactor

1.2.2 —H kB A

¥ 12 g AWt 12 g FIE R AEAL R (Mo-RN B¢ Ru/C)
I 50 mL W3, H H, BN G, WEENR
N AR 3 MPa- Wil R 200°C, %€ YR 4 he
KNgGEREANEZ=H, REBRME™Y
(OEH-Ni/OEH-Ru) #17 GC-MS F1iF .

1.2.3 —FikBfbin 8/e —Kim &,

4 12 g OEH-Ni #2505 2B S AL (Ru/C)
JN 50 mL & v 3E . H Hy BN TS, WEs
W R NATE A 3 MPay VR 120 °C, TE [ M 1]
M 4 ho NS5 HEVAHI A =, WA P24 (OEH plus)

HAT GC-MS 1L .
12,4 ARALA) Z S AR K5

IR N5 A 5 R REE R BOR, T
Je I AR A8 T o 56 2P 3R 55 Ei& OEH-Ni A2 OEH
plus [ WA, % FE R 34 OEH-Ni', OEH plus’s
1.3 =

AWl B K & R R S e i (915KF
Ti-Touch, Metrohm) ; FR{EH (TAND SR HIHERER T ik
€ (916 Ti-Touch, Metrohm) ; “SAHFEAH =W 5 HH
LHER 6890 % (M1 (GC) & GC-MS200-SERIES, {7
WA HP-INNO  Wax  Polyethylene  Glyco
30.00 mx250 um=0.25 um (19091N-133 K2 . Fifash
RS B A2 bR HE EREAT UL IS 70 A, 43 2011
SR R IR P S L IR AT e G R, W T
g R, ARSI BEIEFE ) GC-MS WS

FEPICLBAR A 32, AR

Yo=K =) T/ SRS S T X 100%

2 #R51HE

2.1 STEENSE

I3 BRI AU N R G AR R A i Ek 1 BT
B 1 AT, AR R T R ik 39.41%, I XS
PTG B S, R R R 12.40%; AN,
B GR 5.64%1R A 37.46%. BEtC)S, WlESAb&
YIRS s 17.20%81 4.36% % 2] 5.27%F1 0.15%, itk
AL Ay eb W R SSTRE R RIS AR SRR
AT BT FE P AT I 70%F0 96% AL %, ik
YIS AN 4.32%3E % 12.27%. fERgfLid R,
A=y ik PR BRI R A R A S AR A

X BEAL P AT NN 5 2 Fh Ak 700 A T — 5
FERE B8 e T AR R R BE S B, B SR
EEEN 12.27% 0 W R 43.06%F1 56.61%. Ljt[H
W, 75 2 FMEFIERTN, BERBRRIL G0 & &
A TR, X BEWIAE Mo-RN FI Ru/C HEALF AT LU #EX
2 KW RN SN . 5 Ru/C MIEL , Mo-RN 8 I i 2
MR SR TRV R & nEad #E
Mo-RN A Ak — e IR AL A I 54K

®1 HTRAMS-REFYLH

Table 1 Liquid product distributions of SEH process
b LhES [ i % L] [ i3 ik 7 oAb
Oil Yield Alcohol Ester Acid Ketone Phenol Aldehyde Ether Hydrocarbon Others
Raw-oil - 4.32 5.64 39.41 17.20 18.99 4.36 7.20 1.53 1.35
ES 92.37 12.27 37.46 12.40 527 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 2.47 2.93 2.04

W T A0 & IR R 5 EES% N . BS: 12 g £, 12 ¢ WEE, RVIERLE 240 C, RMAYIE 3 MPa, MWHSEN 4 he ES+Ni/ES+Ru: 1g
Mo-RN/0.5 g Ru/C, 12 g Fitfbith, VIR 200 'C, MAHIH 3 MPa, [JW (] 4 ho

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 Ru/C, 12g of esterificated-oil, temperature of 200°C, H, pressure of 3 MPa, and batch reaction time of 4 h.

2.2 —HEELIME
Y3 45 UG AL N 0B R 46 1L, W O 4L 7 150
R B A0 o W 5 4 e o TS T A L 07 2 1

ol E, RE DR N, KA T4
FUAEAE N AT — B BRI RN AT 9T . R 2 TT L
At DRI BN (K P R I T 94%
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Pl Eo Ru/C A Mo-RN ffLiE R, I 70% 1R
WS WREAE A R, % T B85 & 10 15 i JF A 8
1K N] REAZ BT AR B B AT A AR R R dE— 20
SAERNEE . H Y A SUAT AT, AH LGS Mo-RN i1l
FSK B, Ru/C i Ak 71) 2 B HH 55 it IR 2 2F P 2R ) o I 4
JERE— DAk I BE AL PERE . 5 Mo-RN 4L~ 4
iR (11.43%) Ffg& i (17.15%) A, OEH-Ru /=4
FP TR 18 R TG 1) 25 50 9 A 8.12% 1 8.01% 0 {H 42, Mo-RN

LA 700 2 00 HES A 10 1 2SR R SIS A 0 1) o A A
FEISOL, ZF Mo-RN fALFIMER T, il My 2a i i
S A 17.20%F1 18.99% 4L 1.56%F1
6.60%, LT Ru/C WAL INE C=0 BB 13 1 . SR 1M
TR, 2 PR R B B AT R AR i At
g, LI 8O%IMMERY) % . 4 Ru/C F1 Mo-RN
AR TR0 B2 5 i 26 40 e o R I T 2 40 o) el 2R P
9.96%4% 1 A& 58.31%H1 71.95%.

x2 —SERMEKE~INH
Table 2 Composition of one-step ES/hydrogenation oil

ol WK Yield ¥ Alcohol i Ester  Fi2 Acid i Ketone ) Pheno [ Aldehyde i Ether % Hydrocarbon  JAlfl 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 2.23

T P40 S R IR & 5% . [N 45 ES/NG, ES/Ru: 1 g MO-RN/0.5 g Rw/C, 12 g ZE¥al, 12 g WEE, [OMNRJE 200 °C, NI
3 MPa, IR 4 he

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.

L5 SEH it FEAHLE, Ru/C fEALFIHE IS 1) OEH i+,
B AR 5 E A AH I IR B, IX 3R B Ru/C EALFIVER R
(1) — U e A & il 2 8 5 4 A e E R ST () 6 k o )
T, By28Fokii, Ru/C Al Mo-RN FHLHI A [H] ()48
fhiass, F5AlE7E OEH i FEH, Mo-RN 5 TRl )
Kb e A . 5 SEH T 1 Ed 250 i &
AL, Ru/C YER T OEH SO0 il 24k & i i
ORI 2 . kel WL, OEH i fE ] LAfRj 4k SEH )5 7%
R, 1 BARRR . BRI AL AL, [, Ru/C
AR5 Mo-RN A E M AL R Ak & 77 T, X AN [
KPR T A LA
2.3 —¥ERUEmMEFIRMERELTIZRER

76 SEH Fl OEH Fafb- Il Ryt i 3k als b ny %0
Mo-RN LTI A Pttt ANE e (1 254k 5 0 o8
IAREMER], Rw/C AT FAL RIS S R
B LA O AR e M, 1% P 7 LA
Wy 25 2 AR AR ) OEH-N 2B Wi i i 28 1 48, %
OEH-Ni AT — AT, I InEr =9 AmwE 2.

2 AR AR A AR T B . K 2,
Frizs, ZUONEGE BRI R IS 98.99% . BiR. M
Wy o A B, 4300 B OEH-Ni =49 1) 17.15%-
6.60%% 5 9.99% I 1.35%. AR =M ta AT b i W 15
AR VR TT BE A TR B S A 8 R RE A SRR AL
B TSR WP AR, R
YIS AT TR . AN, A B n. &
TUINERN G, I1RE] 84.20% S A A . iR
Y5 AF A R — 2D B A n &3 i B R &R 45 A 1R in &
JIEX A AT R T, R R R I ) SR
Bl A B 0 A ROE 1

7F OEH plus ik F2 FfF 7 Ak 77 s S A8 s, KA
FHIE 1 7K1 Mo-RN A& Rw/C AL FI 2 TE K LI HiE Ve
TG, BETEYM OEH-plus SN 2 U AE RS . 5
PR FARLE, AR 1 R FIE AR PR
SRR 7 TS AT AR, AR =34 Tk 93%

LL I, OHE K MNATS AT 45 68.37% I Al g & B (LK 2D,
55—k AE A RIAR B, ol i AL 5 AL OEH
plus [N P9 A AN RS & &t 84.20% P4 3 75.48%.

> & 7 1
E J %dehyde %ﬂﬂ%rs Y, {Iydrocarbon
FFHH @Pheno = iKetone
| |mAacd RXXN#kEster [ BiAlcohol
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a. Liquid composition distribution from reuse of catalyst
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b. AR
b. Yield of liquid products
7E: OEH-Ni* 15 OEHplus: AL EEATEH .
Note: OEH-Ni* and OEH plus*: Reusing the catalyst.
B 2 HEACK E AL RAR = o A B AR P iR
Fig.2 Liquid composition distribution from reuse of catalyst and
yield of liquid products
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FK R SRR H R ) 34.81%F1 111.52 mg/g BRI A
17.40%%1 55.76 mg/g. ZFath IMEUG, HTREHRIN K
AR T AW EOKE TS . MAERE S SEH-Ni
J SEH-Ru 21, 7K ETE W E AL IR 45 K]
DL =P v 0 B 2K W o W ek /b, N IR
55.76 mg/g ¥R WL [ V5 1) 16.11 mg/g, FEml & — D
AR B OO E =, BEAR 11.75 mg/g. BAEAE
M =R, ZEWRE B MG, X5 ESNG.
ES/Ni+Ru AE A7 1) 53 A 45 FAH— 5. pH H AT W& 1)
Tt A 3.81 T4 5.88.

=3 EWMERSH

Table 3 Property of bio-oils

bl HIKEE 1R 1H pH i
Oil Water/% Acid value/(mg-g™) pH value
Raw-oil 34.8140.03 111.52+0.40 3.67+0.01
CH;3;0H+oil 17.40+0.12 55.76+0.28 3.81+0.01
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 5.31+0.02
OEH-Ru 20.7240.22 12.83+0.10 5.66+0.02
OEH plus 25.5940.16 11.7540.08 5.88+0.02
OEH-Ni " 21.6140.20 16.15+0.12 5.2940.01
OEH plus” 22.15+0.08 11.97+0.08 5.71£0.01

2.5 RNIEEIZERTT

5T Mo-RN — U BEAINE S — IR NS FE ) R f-42
UM, MR R N AR TIR T, SRR Z 30
T o 18 B S NI R TR Rl R AR IR 2 IOV AR 4 B
e —WERLIME R NAEFEMENT, 2. W
TIRIRAE S R AR TR AL RN A i R R . IR F R
THRTEE, H GCMS 458 0] LUG H X SEpa A= il S Sk
A AR NRE . BhAh, FRIENE . 2,3- 1 55 A
FE B A 1A B4 5T ) A AR R R 0 & AR R Y ) =
Mo [RIINE,  AEA b B S 2 R IR 2R A A R A T N
RN, BRI EARY) ORI Mo-RN b 74 H T
ST IR A DU SRS . I 2T I
TR b, YU S ITCRERY) I 3, B ER
O, 1,2-F 0wl

EZUONEERE T, MOREE 1,2-T8 0. 2,3- 1
SR, 235 B OEH-Ni ) 4.48%F1 6.12%14 1 45
12.05%F1 6.17%. LERFHE 1R FERE R 198>, H
OEH-Ni H1f) 8.76%F1 1.26%% % 5.01%F1 0.66%, X
AH e AR 2R AL A A oA 2 T A 2 — 2P A
A, R S YRR B AL A . 6 TR
Y, OEH-Ni RNVHT, K. K Pf B8 e,
Tl S FAECRE S5 B R A8 2 Iy S8 I & 8 R A
ZEo il 3-FEIEIAA 4- F L ORIy A5 5kl A 0 A 1
1.71%7F1 0.49%. OEH-Ni "] 1.69%FH 0.48%, E| XN
ZJ5 0.52%F1 0.10%, {HfE X mEid it , Ru/C 1)
YER R AT LA B — 20 184k, R & FE X AR
Yy 2R R 3 — AR R IER] .

%4 OEHplus 3R EEMFRENSE
Table 4 Content of typical compounds in OEH plus process
9143 AHXTE & Content/%

Component Raw oil OEH-Ni OEH
plus
LR Acetic acid 30.24 11.43 7.62
PR F%rg%lc acid 201
Propanoic- acid 240
3T
3—But1:§fg;cid 2.23
B & & Crotonic acid 248
JXR Pentanoic acid 0.57
é 3 =t
Acetic acigffrfeesyl ester 0.54 8.76 301
TR FfiE Butanoic acid, methyl ester - 1.26 0.66
J2 LA 2-Propanone, 1- hydroxyl 10.01 1.10 -
2,3-7 ] 2,3-Butanedione 2.02
5-FEL, 2 (3H) -WRIR
2(3H)Tiuranone dihydro)-\S-F?ﬁ“;hyl 107 0.83 0.46
JEWE Furfural 2.28 - -
PUZLHLIR Furan, tetrahydro- - 1.83 1.30
7K1} Phenol 4.86 - 0.44
4-FAFEZ ) 4-methyl, Phenol 1.71 1.69 0.52
3-H3E2KE) 3-methyl, Phenol 0.47 0.45 0.10
2-FHE 25/} 2-methyl, Phenol - 2.00
2- IR %y 2-methoxy, Phenol 1.43 0.82
2,6-— FAEIL A,
2,6—dimeﬁli;;§1§}r}lol 0.33 0.72
1,2-% %} 1,2-Benzenediol 9.17
XK 1 Hydroquinone 1.16 - -
£ 1 Ethanol - 9.62 7.94
1,2-TN % Propylene glycol - 448 12.05
A 1-Propanol - 2.13 0.94
2,3-1 [ 2,3-Butanediol - 6.12 6.17
1,2-3 L % 1,2-Cyclohexanediol - 10.76 10.00
1,4-¥F L —[§% 1,4-Cyclohexanediol - 1.86 1.46
PUZUBE Tetrahydrofurfuryl alcohol 2.08 0.33 1.80
FRJLEE Cyclopentanol - 0.96 0.80
2-FFEFR CUE 2-methyl, cyclohexanol - 1.30

3 & it

AL LL Mo B Raney Ni f1 Ru/C J#ALF], T
FU 3 PO BRI A Ik AE, FELRW T D
Ru/C F1 Mo-RN 4k {4k SEH. OEH #1 OEH plus
BRAC N &R B, WA = P R ]Ik 90% LA F. 2)
3 PP T AR Y — e R T T AR e i, AR
YR e B, WA E R RS, 3D 5
SEH HMitt, ES/Ni (71.95%) H1 ES/Ru (58.31%) X
i G I % 5 ES+Ni (72.31%) A1 ES+Ru (59.68%) #H
#Z A K. Mo-RN 7t OEH 2R, XF Wiy 254k & W%
P T B A SE M, M Ru/C 45 OEH 1 72 A ) i
LT AR IR WG Ak 2 S ) e fk o AR — DAk &
LR A 22 AN K, (HE, ORI IR 5 AL R U
R ZER . UL OEH plus #4268 A4 i B AT 2, mT LA
R Mo-RN fEALFLKG A=Y h W . 2Kt 59
AR A RN, 32 m 2B A v, R
REFE RO Ruw/C K AP 0 e F s ek, 19
FITERE N 11.75 mg/g, pH N 5.88, M FIEEHE & &
y 84.20%I) LW i A A KL
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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-oil 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 Ru/C directly. Based on OEH-Ni, 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 Ru/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 plus 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-oil to oxygenated fuel.

Keywords: oils and fats; fuels; hydrogenation; one step/separate esterification hydrogenation; saturate alcohol & ester
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