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ABSTRACT Bio-diesel is one of most effective alternative energies developed as a solution to the problem of fossil fuel depletion and
climate change. The first generation bio-diesel was produced via trans-esterification. However, the oxygenated compounds within the
first generation bio-diesel result in problems such as thermal instability, corrosiveness, and a low heating value. To overcome these
problems, a deoxygenation process has been developed to remove the oxygenated compounds and produce the second generation
bio-diesel. In this study, a series of Ni-Ceo¢Zr 40, catalysts with different Ni loadings (5, 10, 20, 30 wt.%) were applied for the
deoxygenation of oleic acid. The 20 wt.% Ni-Ce.6Zro 4O, catalyst exhibited the highest oleic acid conversion, as well as the highest
selectivity for C9 ~ Ci7 compounds. This is mainly due to its having the highest BET surface area, easiest reducibility, and highest

acidity.
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AT Ble] @ rdlo] thoko & AMbike] 43 e kax(Hydro -
deoxygenation, HDO) W32 58t 24|t viol et Al
{39 MR S, O U8 4 A

25 AlAste] dut Bfet Akt ©@et
wolet, 210} vol T e Ant A4
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webd, BT BS QR SN L A UE AT
A 2] S EE B BIlIAS) a2
(Deoxygenation, DO) ¥F-g-of thgt A7} &ts5] Zsy=

2 gt L D5 A 0
A7} 2A5E (1) 3894 (Hydrodeoxygenation,
HDO) ¥h&, (2) %7}3—, X(Decarboxylation, DCOy) HF

(3) &¥}2HY(Decarbonylation, DCO) "R 1°717
HDO ¥hg-2 1559 Abito] 339] 42429} Hh-g-5lo] 259
2227]9} 120] gl MAFELE DCOy2 DCO HRS-
& A FE2EA7IE COy(1) 9k CO2) o Fej= A
Astel Bisieag AE,

56 AlxdofAx|

R—COOH + 3H; (g) — R—-CHs + 2H,0 (g),
AH = —115.0 kJ/mol oy

R-COOH — R-H + CO; (g),
AH =492 kJ/mol 2

R-COOH — R'-H + CO (g) + H,0 (g),
AH = 4481 kJ/mol (3)
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o] A DO ¥EgoIA F23 240l Wang 5
2 Sle] Aherl 2 B ALE T4 s A
] DO 3ol B Aoleka Msher ™ e Zuo 52
Sole] 41471 DO HEZoA DOOsSE DCO HES-E 27
ato] A=) g FARE 4= ek e A
o, Ejo] A EE BB SE]A7] 2L Abk SRtEe] &
2k we F7HY BRAS Ale e =M DO W9 &
Aol Jarg vz,

2 ATEH2 Ce0:2} ZrOy9 HIE Eesto] Az
Ce-nZr»0: FE Z4H] DO Hhg-ofl 4-8513ict, A
25 B= Fuol| 4] Ceg eZro20: F7F 7HY =& ZlAl
e} Co~Cry A =S YR, )= Ceo 6Zr0 202 F
o} 7t 4bslgtels, = Ak A, i 7Hg &
o par)e) 7]1gke}, * EF, Ceo 6Zro 2000 HolES:
< FA3lo] DO kS BYS wlmstgict. Y Nio] gx]El
Ceo,6Zr0.402 Z17} HAR(DO) WS04 7H =2 Zellit
A2k, Co~Cr(td i #9) A= 9 Aka AAeS
YRS, o= Nidtk Ceg 6Zr0 402 HAIS] A1HA] & 714
=2 BET EWA 7]kt 18k, Ni—Ceo ¢Zro 400
Z19] DO Wk &/ 9 Y =E FdA1717] flgt 744
l HA}F A7h Hasht, & Atolli= Ni gREe e
2]t Ni—Ceo 6Zr0.402 FUE AASIAL, Ni FA|gFof| o2
Ni—Ceg 6Zr0.402 1] d5= L F7FsE3ict.
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2.1 ZOHMIE W

3 A5Lof|A] Ni—Ceo 6Zr0,402(Ni—CZO) Zulli= Ni BHA|ef
(5, 10, 20, 30 wt %)= L2J5lo] A (co—precipitation
method) &2 A|Z3I3IT). 38} 24|02 T Ni(NOy)s
6H,0(97%, Junsei), Ce(NOs)s-6H,0(99%, Aldrich), 71
2]al zirconyl nitrate solution(20 wt% ZrOs basis, MEL
Chemicals)2 540 &2l 3 80°C7IA| 713l 15%
KOHS AMg3lo] pH 10,5 744 24akeict. Alzel o)
© 80°ColA] T2A17E Bok SAAAT HHES AR
FRam Al AFeln AlAE BRES 10°CoA

=

12A17F AZ 3 300°CO|A] 6 AJ7F SoF 240510, A

JH Full= Ni gAFFe] wet xNi-CZO(x = 5, 10, 20,
30) 2 E7)5c)

2.2 =0 EMEAM

Zufjo] EAEXA S BET, XRD, TPR, Hy—chemisorption,
NHs—TPDE <=35}9ict. BET 342 ASAP 2010(Micro—
meritics) AH|E ARESIO] —196°CollA Aa FAHEE
ZAsto] B39t} XRD(X-ray diffraction) £42
Rigaku D/MAX-IIIC diffractometer(Ni filtered Cu—K
radiation, 40kV, 50mA) AH|E ALESlo] 4305}t
o] gkl E4e Blasty] 91ske] Autochem 2920
(Micromeritics) AH|E 0]-85}0] TPR(Temperature pro—
grammed reduction) 42 534815 O, 10% Ha/Ar
27104 =& 10°C/min O &2 4204 800°C7}A|
=23} th Hy—chemisorption £42 Autochem 2920
(Micromeritics) AH|S ARESI] =851t Z0f 100mg
2 10% Ho/Ar E97]2 700°Col|A] 2A17F 59 A
F Ar HOl|2 Agste] 50°C7HA WZbAlA A
ehESHIEE AA ] $ 50°ColA] 10% Hy/Ar 7FAE
pulse® Tt} FAHE Hy 0] OF& 781l Ni #AHEE 7|
AFSFATHH/Nigurtace)=1). NH3—TPD(NH3—temperature

M S

programmed desorption) 42 Autochem 2920(Micro—
meritics) FA|& ARSI Zull 100mgofl 100°Co A
6087 10% NHs/He2 FI51] NHsS 27T 30
min?t HeZ FY3to] S|4 o2 A NH:E AlATH
% 10°C/min2.2 800°C7IA] =5 S7HA]A Zulj 25 E

22 NH,E 2451900,

= A L ESd|o] B ¥k-g-7](100m) &
olgate] rayskict. vk A, Fulls 10% Ha/Np £917]
ol 700°C, 1204 FF XA SHAF 27,57 B
gl Zul] 0,6875g(FFSE : Zuj| = 40 1 1) ¥k7]o] @
I 300°CellA] 3AIRE 52t whgatglet, 2 Al o] A
ol w2, 300°CoAl= DO whgo] A, 227t
300°C ooz St utet Ais) whgo] S7Kehe &
I8k " w9 L= 300rpm 02 1S GITH

WAL of71E olgstel Sujet Lelste] SiEsioich
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344 A= FID(Flame ionization detector)”} A+
g 7kA A 82ubE 1ET)(HP 6890N, Agilent)E ]85}
o] BA5IgtE AYL AgilentAle] HP-55 ARE-81SIT}

3.1 Z0f S424 Zu}

Table 10]%= Ni HR|#E Ge|slo] AZ2E Ni—-CZ0O &
o] SA4FA AutE UrERARIT Ni g@A[Fo] 5 wt, %ol
Al 20 wt. %7A| 2782 BET #HAo| 27510 20Ni—
CZO 17} 714 %2 BET £ 2|(234m’/g)& Wbl
o, Ni gRF0] 20 wt. %A 30 wt, %= 27} A| BET
FHAL A5I3IT), BET FHAS thaath 22 A= 7
48kgItk: 20Ni—CZ0(234m?/g) > 10Ni—CZO(221m’/g)
> 30Ni—CZ0(220m”/g) > 5Ni—CZO(200m”/g).

Hy—chemisorption 4] A3}, 5Ni—-CZO 0|7} 714
2 Ni BAFE(3,93%) 9 7P 2R Ni 9J=F3.7](21, 45nm)
£ Uehiglom, Ni gA|go] S71845 Ni #4He7} 7
28kl Ni JAF=717F F71kske] 30Ni—CZO Fui7t 7H
ZRo. Ni BAME(1.93%)@F 7F 2 Ni 9x}=27](43. 71nm)
£ YRRl ol Ni-CZO ZuollA Ni gAlge] 57t
5 Ni 9] 37 A/ (agglomeration) o] WYL Ni &
AFEZF ZF4s8EAL Ni A7 |7F S7Fke Ze olnlgit),

Fig, 1= Ni YA Gelsto] A2 Ni—CZO Z1j¢]
XRD 24 A5 Yelet, Alxd e oA

Table 1. Characteristics of Ni—CZO catalysts with different

Ni loading

BET ) Ni . Ho

surface| .. o . particle Acidity consump—
Catalysts dispersion . (mmolINH; >

area (%)b S|zeb /g)c tlchn |

(m*/g)® (nm) (cm*/g)
5Ni—CZO | 200 3.93 21.45 1,57 42.1
10Ni—CZO | 221 3.67 23.00 1.61 54.3
20Ni—CZO | 234 2.52 33.45 3.14 87.3
30Ni—CZO | 220 1,93 43,71 1,83 100.2

* Estimated from N, adsorption at—196°C
® Estimated from Hy—chemisorption

¢ Estimated from NH;—TPD

¢ Estimated from TPR

58 Alxfidiof x|

A|(Cubic phase) G-22] Ceo 6710402 A% T A7} LERL
= AL 3RIIITHICDD card No, 28—0271). 37°, 43.1°,
62.8° |4 Yehd A% 913+= 27+ Nio(111), NiO(200),
NiO(220) 7FjZIc}, XRD #4] A3}, 5Ni-CZO0 Zufet
10Ni—CZO Zufjoll A= Nio 2% u|=7} rehtA] ehoke
™, Ni g0l 20 wt. % odollA NiO 27 w27} vet
ok E3E Ni @50 20 wt, %04 30 wt, %= 27}t
o NiO 27 =28 A7|7F S7Fehe A Eeld = 3L
t}. ol Ni FRFo] $7Fe5 Ni §3 @0 Qlslo]
NiO Z7o] AA|l= A& Uehlin, He—chemisorption
A Aol Y|z,

Fig, 2+= Ni gA"& gejste] Al2H Ni-CZO 19

NiO NiO Nio

~ o\ N,

30Ni-CZOo

NiO agglomeration

A-M-\
10Ni-CZO

-
J& 5Ni-CZO
SR .o

L
ICDD Card No. 28-0271

20Ni-CZO

Intensity (a.u.)

20 30 40 60 60 70 80
20 (degree)

Fig. 1. XRD patterns of Ni—CZO catalysts with different Ni
loading
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Fig. 2. TPR patterns of Ni—CZO catalysts with different Ni
loading
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TPR B4 A7ME Uehfolt Al2E BE Sl 280~
580°C L= QoA WS T 9125 Ueh i) Ni &
A|go| S71eE $Hel mA9] A7)t Fskon, o
+ Ceq-»Zr»0z FAof o5t gl E T} S E2Q1 NiO9
ofgt ghelo] SAlelth= A omsitt, g w3 HAS
Sl ALk Ni—CZO 9] 4p4x AR wfRS Table 10f Ut
EFfigiTt. 5Ni—CZO Szt 7P W 44 AREK(42.1
em’/g)S RGO, Ni gA|go] S71e42 Soa 4
o] F7Ksto] 30Ni-CZO Fui7t 7H & 424 AR
7H(100.2cm’/g) & UERSILE ®E Sufjold UEhbs
W 3 v3E EAleh Auahgsia] ok S
free NiO £9] 3 9 Ao} A5 A-8351= complex
NiO 59 ghed, 12l JA| o] 91A]% Ce0, 9] 2hedo])
o5t 3] 301k " Free NiO7} gHdw]o] = free Ni
F& gEsheslsa] ofF A4S Bofoks TS 5
sto] £d4ke] DO ko FAE Yeplck HaiE9)
o} B R zE mE Zojo)A] free NiO £} complex NiO
0] 29 W=k PAA Lreht 2 NiO 0] $Hele]] u2
FFE skt ofgo] qlon, 2 Afois He
NiO F& BN 4 QM= T00°Col 4] Bl Hasha

i
DO Hhgofl 2 885ict, E3t, Zujof Alslehels-& At
o] c-0 AL wafshed] FFe Fokn wuE ek
Az Z o] Aol els-2 2l B30 =47t 7P g
O] 2 R (Tnad) T & W B3I, Ni-CZO Zif ]

TPR 24 2HAN Thais T 22 A2 HERdTH

2

30Ni-CZO

20Ni-CZO0

10Ni-CZO

5Ni-CZo

NH, desorption (a.u.)

200 400 600 800

Temperature (°C)

Fig. 3. NH;—TPD patterns of Ni—CZO catalysts with different

Ni loading

Q@

20Ni—CZO0(397°C) ¢ 10Ni—CZ0(402°C) { 30Ni—CZO
(417°C) < 5Ni—CZ0(418°C), A% HE Zul] 3 20Ni—
CZO Zmj ] ghd 127} 7P W2 Thos UFERASLS
o= 20Ni—CZO ZFvli7} 717 733t Aleehels-& Ad A
= oujgict,

Fig. 32 Ni PRk defste] A2 Ni-CZ0 12|
NH;—-TPD #4 75 YeRf It} NH;-TPD 45 &
off Ak S 9] AHes= Table 10 YERITE Al =
= Sufjol|A] 20Ni—CZO ZFuli7} 71 =2 AHe S UElgl
o, AzxE o] Ate= theat 242 A= YEiTH
20Ni—CZO(3, 14mmolNHs/g) > 30Ni—CZO(1, 83 mmolNHs/g)
> 10Ni—CZO(1, 61mmolNHs/g) » 5Ni—CZO(1, 57mmolNHs/g).
3o M=, Fufe] 4= DO vhg 240 = =
tha BuE ik e, o] At 2842 gals
4 C—C A3 A7 ¥hgo] FXEo] A&A} 29
o] Frkshe Aom maEiey

3.2 g8 ZAut

Fig. 4°]= Ni GA[&E 2sto] Al Ni—CZO Swj
O] Zellat ket Co~Crr AH =S YEFHITE Ni-CZO
Zofj o] ZHAE AR Co~Cir A= FUS AF
UERH LT}, 20Ni—CZO Fuli7h 71 =2 St A
(98.3%) T} Co~Ci7 AHE(33,9%) S LFERH BHH, 5Ni—CZO0
Sl 7P WS4 HERE(72,5%) T Co~Cyr AEE
(22.2%)5 YePHSich AlZE Ni-CZO Fuj9] Ze|4k A

ox
tlo

%

100 | I Conversion 98.3 140
§. Selectivity _
c 33.9 43532
° 90 | el
= A =
» =
>
[ =
> 80| 79.2 430 15
s [
o 2
o 72.5 738 3
% 700 q26 =
© N (&
© 237 .
D 60} 20 ©
o
60 . L L 16
5Ni-CZO 10Ni-CZO 20Ni-CZO 30Ni-CZO

Fig. 4. Oleic acid conversion and Cy~Cy; selectivity over
Ni—CZO catalysts with different Ni loading
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&I} Co~Cir AHEE Ni GR|Fo]| W} 20Ni-CZ0 »
30Ni—CZO ) 10Ni—CZO ) 5Ni—CZO «AlZ Uehg),
20Ni-CZO Zufjo] 945} 242 BET, TPR, 18]
NH;—TPD 4] 215 Sl Ao] 7kssict, dutaog
Zuo] BET #EWZ0] Hos WHEEe] S WA o
7Pt 2 Rhg S/ SRl ks ot whekA,
20Ni—CZO Fulj¢] =& BET #H42 &84k DO Bk
& SAARITAL & 4= Qleh E3E, TPR #4] it
A 20Ni—CZO Zuli7} Al =¥ B Sl 5 7 Trzax
7F vehs 2SSl ARt Al sE Ald
skoich 3ol W=, S asletelsol ZAdrs 4k
4~ HIZ}] 35 (Oxygen vacancy concentration)”’} &7}
atoiet. *% peng 5. Zuj ®HO| Ak ¥IZ}E](Oxygen
vacancy) o4 Z[HFAte] ZTHE ARAo] gzfo] Uojup,
|5 &2 4ka9o] -0 Aol EafiElo] DO Hgo] Y
ofiriar warsteik " uhabA, 20Ni-CZO Fuje] 942

il

AL X
lo

‘

pad)
filo
J I
ro,

>

(]

Zuf o] AR== DO Hhg Bl 932 T 2 o= SRlE]
Utk Shim 52 =24ke] DO ¥Ego| A Fufo] Ak} 2
glitol s23HE AbaE AASE] 913 Sast AR B
w5tglet ™ Santillan—Jimenez S0 w2, Zujjo] A
oA =9 C-C Ago] Eofj=|mz Fufo] A=
g0 Hghe 9 AAES dEee] 583k J3F vl
Acka ® s Qlet * Table 20] DO ¥ES- - 4322 g
Slpar o] whE AE=E UERRSITE 20Ni-CZO Zi
7P =& Co~Cip AHEE YEHS ol B8k, Cy
A= 7P 2okt o]= 20Ni-CZ0 F1j9] =2 A%
2 QIsto] Oy ©hslepart A7) WS Sol AEAF ©3t

Table 2. Distributions of the linear hydrocarbons in the
reaction product for the Ni—CZO catalysts with
different Ni loading

Ci (%)
Catalysts Cg(:/o():'z 013(%: “| Hepta- 8- Total
decane | heptadecene | Ci;
5Ni—CZO 6.4 2.5 2.6 10.7 13.3
1I0Ni—CZO | 7.7 3.1 2.5 10.4 12,9
20Ni—CZO | 15.2 6.2 5.2 7.3 12.5
30Ni—CZO | 8.6 3.4 2.7 11.0 13.7

60 AMHHOfLAX]

F42(Co~Cia, Cia~Cig) 2 ASHE|QN7] wjiZolct Fig. 5
Az Sohe) A} B Halad: ool T2 Ae)
Fo) B ekl Eoie] AHES 20Ni-CZO
30Ni— CZO » 10Ni—CZO » 5Ni—CZ0 A= YeEl,
olof wat Cp AYEE TSkl Co~Cp AEHEe}t
Cis~Cis A== F7FHAL. SHlaAE, A7t 5715t
= A A E A ARA TR o] AEido] o
A5 btk Abe] 271%o] 2] 98w Oy Al
B2 0] 42} Co~Crp AR Y Cis~Cis AEI=2] S7He
A YRk, 20Ni-CZ0 FufjoflA A7t & Fo=
7t Al Cig A= O] a8} Co~Cip A E Ci3~Cis A
Sie] Z717} SERAA ettt ol% $8) Sl 41
e 27 v S8l AAES] 3l

P

3 4 4ol ME B
ol A G mAcks 2L 31T 4 ek

B oo A= Ni GRS Pelsle] Ni—CZo e
AlzstRom, Azxd ZviE S4ite] DO Hhgof 283}
3| Frlskgieh, AR HE Z0) 3 20Ni—CZ0 Z0j
7} 7P e Sl A8 W Co~Cyp A =E UERASL
o, oli= 20Ni-CZO Zm|9] &2 BET ¥W2, 733t Ak
ae)3 7P 2 AtEe] 79Itk %S BE

e
EAZS Sojol WgBue] A5 WAL F7PAA DO Y

= 3

4 Eiidity
_ 3 mo.. /' 4 40 -
ol .
s 3
:'g \ k \ —zo ;=
' ] . 52

5Ni-CZO 10Ni-CZO 30Ni-CZO 20Ni-CZO0

Fig. 5. The relation between catalyst acidity and distributions
of linear hydrocarnons in the reaction product over
Ni—CZO catalysts with different Ni loading
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