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Abstract
The dimer of bicyclo [2.2.1] hepta-2,5-diene (norbornadiene) can be used as a high-energy-density fuel. The purpose of this
study is to investigate the effect of Co loading on the acid properties of HY zeolite catalyst and the catalytic activity in
norbornadiene dimerization. When the cobalt was loaded on the HY zeolite catalyst, the amount of acid sites did not change,
but the acid strength weakened. This can be attributed to the decrease in Bronsted acid site and the increase in Lewis acid
site. The norbornadiene conversion and yield of norbornadiene dimer over the Co/HY catalyst showed higher than those over
the HY zeolite catalyst. The higher activity of the Co/HY catalyst can be ascribed to the higher amount of Lewis acid sites
over the Co/HY catalyst. Density and calorific values of the norbornadiene dimer prepared by using the Co/HY catalyst agreed
well with the known values in the literature. It was confirmed that the norbornadiene dimer prepared in this study can be

used as a high-energy-density fuel.
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high energy density fuel
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Al 318 379 FakERl G5 Rl Al Z B <l(eyclopen-
tadiene, CPD)Z} o}AE #H(acetylene)s $/d3He] bicyclo[2.2.1]hepta-
2,5-diene(norbornadiene, NBD)E A4+ 4= Qlth NBDY o]&Fs} vt
5% E3 norbornadiene dimer (NBDD)E A4te 4= SIth1-3].
NBDDL ®Hav4e4H] 7} 91.25/8.7591 ardztolw thgare] whala
o7] wiitel st il 2E 7 2E 7k 3 NBDDE 57t
2l Wiy oUAE Fsl] wlitel ol e UE AR
3lth4,5]. 431 NBDD (H-NBDD):=
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[6]. 78 LA o & A}-g-%]= NBDD ©]’d 4 A= pentacyclic exo-t-exo
NBDD (Pxtx-NBDD), hexacyclic exo-endo NBDD (Hxn-NBDD)) %!
hexacyclic endo-endo NBDD (Hnn-NBDD)Z &4 1tH3,7,8].
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2.1. S0 M=

SiO/ALO; E H]7} 6091 HY A&eo]E(Zeolyst, CBV 760)Z
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Az AFESEITE Co(NO;), - 6H,0 (97.0%)E  Sigma-Aldricholl A
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FE 50 mL/ming] 1522 ZE5T9A 10 T/mind] 5 £5=
550 C7HA S7MA1ZE ojul] E3tE & IR Yols dXET HEY]

2 333k

Zulo] 2SR5 B43H7] 9180 Perkin ElmerAt] Spectrum GX
A2 A}2-510] pyridine-FTIR #2412 53151¢th 0.013 go] A2
moldol] Y17 27 X3 H, 3 ton?] &S 7lele] tlAa e
AZsFATE T2 2 FAFA IR spectrum= S43E7] S8 AEHIQ1E
A 28 A Z AZE in-situ IR cell S /\]-3 At Window 27
20 mm x 77 4 mm?! CaF,& AMESIQE, #EE W] 3l
window THlel WZrg STtk A= holder@r =AE 27 7t
A 5 AEF: AR o, 228 L2 ayshr] 3] &= £
A7 o]&33lrh. Disk FHQ Al5E AL IR cell& 23 A
(10 torr)ol4] 300 C71A] 7}E3E &, 1 h 5 A8k AA2E A
3T Pyridine 5715 42141 30 min 52t Al Rol F2AFTH
o]%, 1 h &< ¥ AHE FAXA &2 28 pyridineS A
Fof IR cell?) £5Z 100 CTHE 300 CT7HA 50 C 7HH0 7 A%
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2.3. Bicyclo[2.2. 1]hepta-2 5-diene2| O|2k3} HIS

NBD ©|&3} §hg-& 12 I¢-§ 332 REE7|(160 mL)E ()%
SdA oG A F-Jste] ARESITE ErllE RS ARSIl
™, NBD : toluenc?] H|E 1 : 302 3} HkS 23S S=as}3it)
NBD 30.0 g, toluene 90.0 g 12|31 RE&-ETIH] 4.1 wt%2] Zvlje} &
etk Whe710l N, gasE 20 bar7} HEE A9, w-57]9 2%
£ 250 T2 A5A713 wEES 300 pm o= A7t W5
Zgsgith 2 h (HAe R MES AFsH, FHE AES GC-MS
(GC - Agilent Technologies 6890N, MS - Agilent 5973)% Al&-5}o]
A4 B8 $33}31, GC-FID (YL 6100 GC)S AFg-alo] a4l
< 359Itk GC-MS % GC-FID®| AR&-3F A2 717; HP-5MS
(capillary column, 60 m x 0.320 mm, 0.25 um) %! CP-Sil5 (capillary
column, 30 m x 0.32 mm, 0.25 pm)°|th. NBD %%, NBDD A= %
4 FEE 47 ol Aow ALt

Conversion of norbornadiene (%) =

[1 _ Concentration of residual norbornadiene
Concentration of initial norbornadiene

] %100 )

Selectivity to NBDD (%) =

Concentration of NBDD
[1_ Concentration of products <100 @
Yield of NBDD (%) =
Conversion of norbornadiene < Selectivity t o NBDD/100 3)
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190 mL 8] 312 319HE- 334 WE37]el 471 NBD ©|Z3} wk

~*§ 5 120 g& T3, Pt (5 wi%)/C Z1(Sigma-Aldrich) 2.0 g
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a

5= 150 rpmo]Qich Whe A1 7 h Fof] WE

WES YA F o St FulE AASKI 743
W85 1 torr 13k J¥ellX Iy S/E F3sto] 40 T mIRte
BEHE 2 SlE AAI A35F Foll AF=9] dd%S
Parr 6200 calorimeterS ARE-3lo] 433t
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Table 1. Specific Surface Area and Pore Volume of Catalysts

Catalyst Sger (mY/g) V' (cm’/g)
HY 0.34
Co/HY 0.32

*Measured at p/p0 = 0.99.

Table 2. Acidity vs Catalytic Activity over HY and Co/HY Catalysts

Catalyst Acidity® (mmol/g) ILewis/IB,anstedb NBD Conversion (%) NBDD yield (%)
HY 0.22 0.40 38.5 222
Co/HY 0.22 2.04 579 27.5
Catalyst : 4.1 wt%, Solvent : toluene, Reaction time : 12h, RPM : 300, Reaction time : 8 h
*Amount of desorbed NH; during NH;-TPD
"Ratio of peaks intensities at 1450 cm’! (Lewis acid site) and 1542 cm’! (Bronsted acid site).
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Figure 1. N, adsorption-desorption isotherms of HY and Co/
HYecatalysts (filled symbols : adsorption isotherms, open symbols :
desorption isotherms).
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HY Al&efe|Eef| Co EA7} Fulle] BET X147} 7|3 F-3o]| u|
A= YL Table 19 YERSITE HY A&t E Fujjo] Ty}
7159 3271 22t 786 m¥Yg W 034 cm’/goltl. IUES PX|F F
v BET 35437 713 F39)7F 242} 775 m/g 9 032 em/g 0.2 1
ERbA] HY AlgEto|Eofl v]sA] ofgh 7hast 210 & vebth o]
FLET}LHY A&l EQ RuHy) v)A7]Fe] 7S U 2]

ol EHA I 7]39] H7) oRE A AR sAE  Qik

Figure 104 Ho]zo] HY Al&eto|E Fufo] A4zl 2412
[UPAC EHolA Type 19 Fe(Langmuird)ES ¥o|=H|, o] mi-
croporeE 7HA= 7]3o] HRE S-S vt CoHY i) AA
T2 TR HY Aol E a9 Aiaga 243 2 AolE
Hol|x]| ¢kowm] IMES G5k o]Fo] V¥ 2ol FIFE WA ¢

0}S O o) 2= oh:]_
Mrao= = 1T M.

o] Ak A|7)9} 2H 9] oFS A517] $138l NH-TPD 241
gatslon 1 A¥E Figure 28} Table 21 YERASITE NH;-TPD

M

A A72] peak A WAL YRUole] BARFS YER: o
Aol ofz} ulg|gic), IEdF peako] VERY 2% Fulj7) 71zl Ake
A712 248 4 Qlth HY ALl E FHulli= 150 T2} 310 TellA
T M) FH%t peakE HATE Z HYSulE oFst Al7]2] A 74
st A71 APES BAl ZteTHE B o 4 itk m=8k 310 C
peak®] WA 150 C peak®] WA KT} t] H-2t, o] 2t 417]9]
Aol ofo] oFst AI7|9] Abde] oHT) ¥ Wrks S 9wttt
HY Algelo|Eo| ZHES @3t Fof 2b o] Fok2 & 2}ol7} ¢l
= 702 YePdti(Table 1). 7211 NH5-TPD profileoll= 8131 ¥
37} YEstt) CoHY S19) 150 C oA UERb= peaks= HY A&
2}O)EQ] peak Bt 1 WA o] B #AX k] 310 T F] peaki=
HY AlgelolE Fu9] peakel] W3 A 2A depsitt =,
Co/HY Fulli= HY Rt} oFst A7) 9] 4bo] S7het vbdel Zhst A7)
o] abgo] st A& & 5= itk &, FUEE Y3 Fof 2bH 2
A7l HY Al&EtolEd nls] &4 ofslixl As & 4 qlrh
A|&eto]E ZulS] NH;-TPD profileZ5-E] Bronsted AH3 3} Lewis
APdS FHEshs A2 vl ook & A 9T19]. Pyridine-IR &
25 EallA ZFuf 9] Bronsted AHH Y Lewis AHES 28 9= QL
TH20]. Figure 3 Co/HY FHllE o]8-3to] 256 e Py-IR A E
g Ays Jepith dubdoz A&Elo|EQ py- R AFEHC]
1450 cm™ F-3} 1590-1620 cm™ FHoll= B FH AAS B &
Sl= A9 Lewis AH8 3} silanol group (Si-OH)l| =4 Ao 2

tlo o
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Figure 3. Infrared spectra of adsorbed pyridine over Co/HY catalyst
under a vacuum (107 torr) (a : 100 C, b : 150 C, ¢ : 200C, d :
250 C, and e : 300 T).
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Figure 4. Infrared spectra of adsorbed pyridine over HY and Co/HY
catalysts at 200 C under a vacuum (10° torr).
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Tollr AL A= Figure 49 ¥ w3tk HY Al&glolES} Co/HY
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Figure 5. Conversion, selectivity and yield during norbomadiene
cyclodimerization over HY and Co/HY catalysts (Reaction conditions:
norbormadiene 90 g, catalyst 3.85 g, toluene 32.6 mL, reaction
temperature 250 C, stirring speed 300 RPM, reaction time 8 h).
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ol AdEe] AEEE AvRy, CoHY FuidelA NBD ©l%
Ae] Ade=E HY Fefel B-9-net ot WAk A okt &
FTEA) AEEE CoHY FPdelr o w2 28 & 5 gl A+
# 0% CoHY %9 NBDDY| 482 HY Fv9] -5

C2 vEth At SulE 083 vaae] s
o Fule] V1w 543 o] 5460 9%= e 2l
NTH1,25,26]. 53] 71%e] A7k & Fuldas nkgwt A4
wA kel frelste], thgate] shhee] 235 Wkl aakd
SR GeA Qlek 2 el ARES - Fulls vl

HAREE SulofH, CoHy =ul7t 71 w4 Bl 7] 7917 ofth
. wEbA] CoHY o] 2/do] B $3t €191 A 54l 7]

Chal & = 9tk NH-TPD 3l Py-IR& F3fl &<)1gh vief 9
CoHY Frile] Abee- HY Swllo} fALskaL, A A7) HY Feflel] ]
3 o oFairt. Whdel CoHY Frf Aol Lewis Aol HY Srjj 1
oA o R ¥ B As o 5 vk S, NBD o]#Eh Wkl A
CoHY vije] #go] HY FullErh v & 21L& Lewis A 9] ok
ol ¥ 7] Wil siae o Qlvkh

N

3.3. 2518 NBDD2| 10HX|LE HEREAM| S FM

32 WH3-7194 Pt (5 wi%)/C FiE ©]8-ste] NBD o] %3} 4t
& A=Y Fas WSS FHSIIth A W o] ofiE F
A FHlE AAS, 1 torr ©]5ke] HFA THE T3St S
= AASSIE AF5H Foll 42 431 NBDD (H-NBDD)2| 4
Lo} s e Ay 22} 1.07 glem® E 10,900 cal/em®©]AT)
¥l &, Rh 55 2ok A7155FEE 7AY oA
HlE AR5kl NBDDE A|Zstal o]& FAslste] 92 H-NBDD+
oA A o] webA 1.02-1.08 glem® 99 WE$} 10,500-12,300
cal/em® ®919] TS Zh=tiy 4 A ItH3]. Co/HY FHuiE o]
£3F0] A %3 H-NBDDO] Ui e} wedako] F3lo o4exl gy} 2
A5k, o] we} & AFte|A A|Z$ H-NBDD7} 1ouAd %
AREA AHE 7hselthe Als FRlskgith

K|

4.4 E

HY A&To|E Fullo] ZLES ©@X|3hd Aol ok & Walrt
o}, oFek Aol oFo] Frtetar ek A ] oFo] TAadte] Ak Al
717} k3K ). ©]i= Bronstedtte] 742} Lewisite] S7kell 71918t
Ao B 4 Qlth HY AESHO|ES CoHYE FHlE ARS8
NBD ©|#3} uk-$-5 33 A3}, CoHY Ewii= HY AlLelolE =
iR} O] =& NBD A4 NBDD &2 UeRfith NBD o|%
3} WhE-ellA CoHY Frlle] E4do] HY Frlirt o =2 212 Lewis
2o oste] i 7] wliEo & sjae 4= ik CoHY FlE o4
3to A|Z% H-NBDD2| Uke}l wrdefo] #alo oefx g 2 o
|5l B AtolA] Az H-NBDD7} ZoUAU L A8 g4 AL
7hsaithe Ae FRlsieit

2t A|.
o] A7 FHATATAY 7x AT 2RI AALoR
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