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Bio-oil has attracted considerable interest as one of the promising renewable energy resources because it can be used as a
feedstock in conventional petroleum refineries for the production of high value chemicals or next-generation hydrocarbon
fuels. Currently, catalytic vapor cracking is considered the most potential upgrading method for stabilization of bio-oil, which
is a pre-process required prior to feeding bio-oil into refineries. This review introduces the recent research and development
trends on bio-oil upgrading via catalytic vapor cracking, focusing on catalysts and upgrading methods used.
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Figure 1. Applications of fast pyrolysis ail[7].
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Table 1. Typical Properties of Pyrolysis Bio-0il[8]

Physical property Value
Moisture content (wt%) 15~30
pH 25
Specific gravity 1.2
Elemental composition (wt%)
C 54~58
H 55~7
(0) 35~40
N 0~0.2
Ash 0~0.2
HHV (MJ/kg) 16~19
Viscosity, at 500 C (cP) 40~100
Solids (wt%) 0.2~1.0
Distillation residue (wt%) Up to 50

v 3] B9 cracking #goletal AlRFsHAtE. 18] 3L hydro-
carbons®l] T8t MBI == cracking 25 S7HA1 713 FF (coke) A
AEEE AN F Qe oY 259} 39S w52 W
] FFE AT 25 vheFst Suel 35 AEslE Sl AAket
Hlo] @ @ & o] &5 NAATE F7IE FAEITH13,14]. S
M F vpole e d & AFs] FAsik AT f714 4
& Zoll A hydrocarbons =&+ HZSM-5 > HY > silica-alumina > sili-
calite > H-mordenites=A 2 =7 YebSth o] 7h-dl HZSM-5%}
H-mordenitei= aromatic hydrocarbonsE ¢ o] AJ4kslal ™, HY,
sillicalite “Z2] 3L silica-aluminai= aliphatic hydrocarbons& ] o] Al
Akt 34 © #3= HZSM-5, HY Z12]1l H-mordenite®} 22
AFEul| 7} hydrocarbons AAtell HT}F @-&Zo|gl o 1 FoA L
aromaticsE ¥ 33+ hydrocarbons AJAF2} 513 EAdof] ot A gAdo]
S HZSM-55 7H8 a&221 So2 A st 1ea 152
Zl| Aol A vlo] o e o) MAL dA FI(AEAL} LA [V
A o] e, #Z 9 polymerization)o] 0] &-Fvll & IH(deox-
ygenation, cracking, cyclization, aromatization, isomerization, polymer-
ization)ol] &J3l ATt A3 th(Figure 2).

Vitolo & st 2% 3ellA] HZSM-58} HY E ©]§-8}¢] H}o]
2ed MAS AT HZSM-55 AFE3S u Hlo] 2 2 YU 9
deoxygenation®] ¥ ot om, 7 A= /fAE oYU ddFo] F
7beka -3 A4S BATHIS). Vitolo 52 $5 AT-Z FHul
o] A Wk g o] @ 9o A A HZSM-59] 542 2A
3R TH16]. 152 Adjaye?l Bakhshi S[14]0] A|et3t Wh-s-H =
=2 carbonium ion mechanism= 53 vlo] @ @ U] A IS
[tk 252 Tl oJshd vlo] 2.0l A eA = Fujel
A= A1 BAAE S A (Bronsted acid sites)©] 402 2t

-5} cracking, oligomerization, alkylation, isomerization, cyclization, ar-
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Mo to
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ylation 52 73 el 213l 3/ ¥ carbonium ion mechanismel] <] 3]
SXEG Al sk 159 ATFE I 500 CTollA
HZSM-59] HH& Al o] HAAH = 4 9] hydroxyl groupsS] 4
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< 2N AS BHoF8lth



I

o) A=

e 83 Hloleed A AT FF 3

i
Mz

Table 2. Zeolites Used in Researches under Different Reaction Conditions

Reaction conditions

Feed - - Reference
Catalyst Temp (C) Reaction type
Model compound HZSM-5 330~410 Conventional Adjaye and Bakhshi[11,12]
(acid, ester, alcohol, aldehyde, ketone, ether, phenol)
Wood pyrolysis bio-oil HZSM-5, HY 290~410 Conventional Adjaye and Bakhshi[13,14]

H-Mordenite Silicalite
Silica-alumina

Wood pyrolysis bio-oil HZSM-5, HY 410~490 Conventional Vitolo et al.[15]
Wood pyrolysis bio-oil HZSM-5 410~490 Conventional Vitolo et al.[16]
Model compound (alcohols, phenolics, acetaldehyde, HZSM-5 200~450 Conventional Gayubo et al.[17,18]
ketones, acetic acid)
Aqueous fraction of wood pyrolysis oil HZSM-5 400~500 Conventional Gayubo et al.[19]
Wood pyrolysis bio-oil ReUSY 500~550 Conventional Samolada et al.[20]
Model compound (2-furaldehyde, acetic acid, HZSM-5 500 Conventional Samolada et al.[21]
cyclohexanone, guaiacol, vanillin, H,O) FCC
Transitional
metal(Fe/Cr)
Al-MCM-41
Palm oil HZSM-5, Beta 350~450 Conventional Twaiq et al.[22]
usy
Wood HZSM-5, HY 450~550 In situ Park et al.[23]
Ga/HZSM-5
Wood mixture HZSM-5 500 In situ Williams and Horne[24,25]
Wood mixuture and methanol HZSM-5 500 In situ Horne et al.[26]
Rice husk ZSM-5 400~ 600 In situ Williams and Nugranad[27]
Wood H-Beta 450 In situ Aho et al.[28]
Wood HZSM-5, HY 450 In situ Aho et al.[29]
H-Beta
H-Mordenite
Cellulose H-Y, NHs-Y 500 In situ Fabbri et al.[30]
NH;-ZSM-5
SiO,, ALO;
MgO, TiSiOs4
ALO;TIO;
Lignocell USY, ZSM-5 additive 400~500 In situ Lappas et al.[31]
Corncob HZSM-5 550 In situ Zhang et al.[32]
Olive and hazelnut bagasse Activated alumina 500 In situ Demiral and Sens6z[33]

Sodium feldspar

Gayubo S UFF3 alcohols, phenolics, acetaldehyde, ketones, AP = 8FQl 3k T)

acetic acidE RASERE o]&3te] HZSM-5 7ellA i /Hd& Samolada 5+ FCC (fluid catalytic cracking)&7d oA 43 71t
333t} phenolics®} acetaldehydei= hydrocarbons A§/d ¢l §lo] 2S5 AR vlo] 9 0AE cofeed® AFESF] AT AT RON
2 HESA-S B8l 94 alcohols, ketones X! acetic acidi= olefins ¢ (research octane number)ol 9621 Hlo] @ -7} AAEATH20].
aromatic hydrocarbonsE AJAHSFAA ) Altk7t, A3 ol &gt Fu) Samolada 52 % ATE A wlo] 2 2 A(2-furaldehyde, aetic
9] ¥]&/d 3} &%+ phenols®} acetaldehydes AFE-3 750 =4 acid, cyclohexanone, guaiacol, vanillin &%5)& ©]-&3o] HZSM-5
ek ot 3RS RES A o) &5 S7FAI 71 A 400 T o] 9} FCC Fml& 233 83 Full, doju% FHull(Fe/Cr), WZ23E
she] Whg2mo M= BEAEE 9 4 9lSItH17,18]. Gayubo 22 AMCM-41, &Frvele] Ass Frtetsivh21]. 2 Ay,
T2 Hpole oYl 8 g ol gt U AdE sielt HZSM-5% /7173 /322] &4 37 carbonylsE aromatic hydro-
[19]. 252 FAF Ao dealumination®l] ]3¢ HZSM-52] 1| &4 carbons = SHH S| A EAH 0, HolF4 Full= phenol T ]
37} ok A A9 aleohols (methanol, ethanol)=S ©] &3+ 3¢9} & Z} phenolics= A&7 o7 AAbsith= AL geld 4= gk

Abstthe S A EGITh B3 el A--g A S B Twaiq 5> HZSM-5, Beta, USY S Z ©]g3}o] ofA}-f(palm
4] dealumination®l] 2]+ HZSM-52] ] &3}7} w-SwiAdl W = oi)e v HE g e A2 AEs, e e,
= Tl gt Holn ik A = Al o] BT stk aromatic hydrocarbons®] %2 MB| L v I35 T2 FHAgA
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Figure 2. Proposed reaction pathway for the conversion of bio-oil over acidic zeolite catalyst: TE: therma effect; TCE: thermo-catalytic effect[14].
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Figure 3. Catalytic upgrading routes of bio-oil: (a) Conventional
method; (b) in situ method.

ZHaskdek 3 HZSM-59 Gas 331X o] 7]%5d (bi-func-
tional) FvlE vlole oYU A HE=Z HELSATH 1 wi%
Ga/HZSM-5= 473 7] A EC] cracking® = RS ZAAA
Hlo] 2 @ F&& SIS ¥ oluE} aromatic hydrocarbons ]l
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Table 3. Mesoporous Catalysts Used in Researches under Different Reaction Conditions

Reaction conditions

Feed 5 - Reference
Catalyst Temp (C) Reaction type
Palm oil Al-MCM-4 with different pore sizes 450 Conventional Twaiq et al.[35]
Palm oil Al-MCM-41with different Si/Al ratios 450 Conventional Twaiq et al.[36]
Wood Al-MCM-4 500 In situ Adam et al.[37]
(unmodified, two enlarged, Cu-modified)
Wood, Miscanthus Al-MCM-4 (unmodified, two enlarged, 500 In situ Adam et al.[38]
Cu-modified)
Si-SBA-15
Al-SBA-15
FCC
Wood, Miscanthus Al-MCM-41 with different Si/Al ratios 500 In stu Antonakou et al.[39]
Me-Al-MCM-4 (Me = Fe, Cu, Zn)

Miscanthus Me-Al-MCM-41 (Me = Fe. Cu, Zn) 500 In situ Nilsen et al.[40]
Wood Al-MM-41 with different Si/Al ratios 500 In situ Iliopoulou et al.[41]
Wood MSU-S 500 In situ Triantafyllidis et al.[43]

Al-MCM-41
Wood MMZzsm.5 500 In situ Lee et al.[44.45]
MMZgeia
Al-MCM-41
HZSM-5
H-Beta

oish A E7tA] gz

Williams ¢} Horne® in situ 71 W3} 54 £3HE, HZSM-5%
o]-gsto] Fulje] A AP-wg- HEE A o] uto] @ @ Y 9] 3817 A
of WX TS A TH24]. 2 AT, Fu)o] ks s A4
< mono aromatic hydrocarbons$} polycyclic aromatic hydrocarbons
(PAHs) 555 AaAFTh 152 AHJHA 7585 Fujol &
gato] gyt AYE &l A e IFE 2AFSIT25].
2EIRJIE 2 F59] &3 hydrocarbons A4k @A ol ow &
3] mono aromatic hydrocarbons & =Z Al wi7FA] F7FAI AT

Horne¥} Williams= ZSM-54 oA B4 3 E2HE AAdE A
3l 571 A ET Wl'EE2] co-processingS Al B SO W, Zl
N A WE-2o] EA)7F 23} alkylated hydrocarbonsE 57}FA] 71t}
3 2313k th26].
Williams 2} Nugranadi= TFFst & =H 9]olA HZSM-55 ©]-&-38f
of 979 a5 S} ARAT B D& AYES vasg
2], Sl b e el ol 2.0l U AkagRe F
2 HO0E A#HNoH, 52 Aol Co%l CoE AH Ut
18] 3L hydrocarbonst= FHl| %9} Bl#ete] F7FsISIT

) AAE F53 =247 AREsHE RS J1E P E Ale
9tk Aho 5 H-Beta Z1E F5%F E24= A48 *W,E
7b o] dRalel VAt e 2AREATHS). 1ES A
T} 8 Zu| S x}g-8 A-9-oA = PAHs7F A E T aldehydes=
Zujo] 2 e Fkel $ Atk Busigity 25 A8 A
T2 WAAA kst AF=u)(H-Beta, H-Y, H-ZSM-5, H-Mordenite)
2 Abgato] S 2ol 9w Abetolho). AE Ak )

Tx

122014 1]_ §j_f51—x4 ZHO] ;q]gg].o]E :fl-zgq 0161:9_ IR
= 1S B30tk HZSM-52] 749 acids9} alcohols®] oFo] wt
e HbA o] ketonesi= Ho| A/d 2 S, PAHs= H-Mordenite S
AHESE A S-ofl A uE A = ek

Fabbri &< AEZAEHFE chiral anhydrosugarsE “§4Hs}7]
)8l A &efo] E(H-Y, NHyY, NHiZSM-5)9} Ut 17]9] 44
3}5(Si0,, ALOs, MgO, TiSOs, ALO:TION S A& 3FATH30]. AT
Aol oJshd Al &eFe] Ex anhydrosugars &S AAAIZ] W,
SiOE Al9)e Y 719 F&A8E S 25l ST &
3], ALO;TiO>+ levoglucosan (LGA)<} levoglucosenone (LGO)2] A¥
A& ST

Lappas 5+ ZSM-5%} USY FUlE silica®t 53t ¢85
HE719 SEAR ARES Ad, o) vpole e dE S

¥ ol

]

Zhang & Egh %?‘?%7]94 ) sl 5T %/Qi
HZSM-5 Zvl E’_EH-OJ ZEE AREsleH, I A9 Akh
o] 25% o]t % ?J_Jf]' A3} heavy fuel oiloll 7
3 346 MIkg®] LAFE zhs eYEES d& 5 AsTH32)

Demiral 9} Senséz= 2+ #7121 &2 B9} 7l A7 715 acti-
vated alumina®} sodium feldspar &l ¢} £33l 174 Heinze Rt
S710lA dEalskATH33]. FullE AFEEEA] Hlole e &
& ZFasginh v vtele el W AbAgheko] ghAsbu A @
diFo]l F7ke 2 UdE B 5 Ao, vole e kA 2
Z3 HAZE oxygenated compounds”} A A2 gl
Stk A7t o] & o]l 2 2 Y9l H/C Hl& B Afi-A
AbeRlth 152 o] BE Q4 F IEste] 7 dRE

b uto]l 2 0 o] AT EA L AL 7hs/d S AAIBHA T

oo

R R TRt
e
oé:‘:é;g_lil
i Ho o o o
01‘:10

¢

3. M=ZHA =)
199039 Kuroda S°] 72 ZQl 7|2 B¥E 7= wz¥xg

A7t Al HxE A¥st o]FE thefst Wz
(MCM-413} MCM-485 33Hsk M41S +, MCM-50, HMS, MSU-1,
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Twaiq 52 71532717} Y& AI-MCM-41 ol A ofxl-2] Zi)
NA-S F38HATH35]. AMCM-41 E1& of 75 AAdE R
Agsh=d Hojd FHul 448 Bt o]5 Full= linear hydro-
carbons®l] T3 AV EE BT 158 77 Y¢lo g AAAES o

Z1el vlEl & 7lFol s F4AEA fFERY] ol 4
sholth 3 252 AdE w82 S Ve 719 28 F Y
PEE won, Fujo] THEA L FIke} A Y =Y FE
o] FFasitta ®arskgitt ﬂ UH el A ofAe] M SHE

oA e == 7
AsthE AR E Al A X]'——~ 71 o]f& 2%} cracking ©.
2 Q&) fAo] AEAe rHEdes AgkE gy wolehal ARt
stolth 1elu oS Zuli= cracking HHS T oA AFal oFe] s
A5 AAIA L Twaiq 52 24 A5 WHAIA A-MCM-41
Zull 9] SyAl H|7} oFAHTEN-H A5 AAksked RlAE 9%
kR AL TH36]. H A 2 S/Al B 7HA = -] E okl H]#|
sto] AWI LT} STkeby] wiEell Full &4do] FhskAIRE 1 o]
o] AdFuF Tt Fu|o AGA (crystallinity)S 7HAA1A oA
cracking®ll Q3 S S AgAIITt Ruskgith

Adam T2 713 Etl(enlargement)$} 3= ol Cus H7HAIA
NEFet Al-MCM-41 =4 slellA] E23ll =] (pyrolyzer) & ©]-&3F¢
TR FiEE eI TH37). Sl i $ FEu) ukgellA 5
2 A EC)ANH levoglucosan 3] A AF o TP} 35
B2 ZA48FA T Furanes$} acetic acidi= 5713t ¥HH ol higher mo-
lecular phenolicsi= 7+4~3F3 T} HE8t o]5 == phenol hydro-
carbons &2 7MY 152 phenol®] F 717} phenol de-
rivatives®] A5 F7HA 9] Axdel] 7]Q1sk Aojgta F73Hel
5 AI-MCM-41 F U= hydroxyl groupsE X &3}l Q= #ALE
FH & AlA 3T SHIAAY 184 7S FUA7IAY Cu
= A7k Sl acetic acid9) vle] 2 Y f RS FaAIZ oW
higher molecular phenol derivatives §Atel 28t A& #5313
o Adam < $% ATE A AFelA AREgE Ul 7R
Al-MCM-41°]| FCC, SBA-15, Al-SBA-15 Z 1| & 37|35} 7[HEH]L}

b oAl diel 7] AAE el s s T3e) 1
=2 F Ass vash] fg 7FoE vole e W AR
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= (acids, carbonyls, PAHs)= -3tqict. Sl 71d $ /714 A+
U hydrocarbons 2} phenolics 8- 5718k carbonylsSi]r acids &
& sk 2y PAHSE A E ATk ]3] & AI-MCM-41
Sz AANE A ES F7HAIR W, Cut A7HE AEMCM-41
e 53 =S TTHIETE Ao AREE w2 S
FolA ALSBA-15= 3% 8L AAWE A= Bl 7 =2
TEe Btk T3 A9 A AR FF £ d7ES S
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racking ©]%- w}o] = EJEV\ *ﬂii}ol‘; =4
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