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Abstract — This study was carried out to investigate fuel decomposition characteristics and coke formation according
to types of endothermic fuels and methods of catalyst molding. Methylcyclohexane (MCH), n-dodecane, and exo-
tetrahydrodipentadiene (exo-THDCP) were used as the endothermic fuels. As a catalyst, USY720 supported with platinum
was used. It was manufactured by only using pressure to disk-type, or pelletized with a binder and a silica solution. The
characteristics of the catalysts according to the molding method were analyzed by X-ray diffraction analysis, scanning
electron microscopy, nitrogen adsorption-desorption isotherm, and ammonia temperature programmed desorption analysis.
The reaction was carried out under conditions of high temperature and high pressure (500 °C, 50 bar) in which the fuel
could exist in a supercritical state. The product was analyzed by gas chromatograph/mass spectrometer and the coke
produced by the catalyst was analyzed by thermogravimetric analyzer. After the reaction, the composition of the
products varied greatly depending on the structure of the fuel. In addition, the crystallinity and surface properties of the
catalysts were not changed by the method of catalyst molding, but the changes of the acid sites and the pore
characteristics were observed, which resulted in changes in the amount and composition of products and coke.
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Fig. 1. Processes of the catalyst molding.
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Fig. 2. XRD spectra of the catalysts.

Fig. 3. SEM images of the disk and pellet type of catalyst; (a): disk, (b): pellet.
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Table 2. Porosity of the catalysts
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(m*/g) (em™/g) (em™/g)
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eQ1e = A pellet Fel Sl A-¢-olli= 2 nm =17]9] 7]

= T
S ZF0]53 10 nm A719) 7)F B¥E Sold Ao 7 gelEg)

3 540 ot Ao et AAZ binder B
= 3 2215 A3}, 2 10 nm 719

of

B

i et o g Sufe] AE Wl whE AR W hEY o}
TPDE =73 A= Fig. 5ol Yeh STt disk el Svie] 735
o= 380 °C 28] ZAH T =71 200 °C F22) ok F] g KT
A S UM, pellet FE] Fulj2] A--olli= oFib vl=7F 7
2 HaRTh EA AW AE g1 ek pellet A3 7
A Si0,/Al,05 H]7} 3021 71&2] Flle]l binder E70] 37}
Si0,/ALO, H|7} 2.52 734381311, o] 2 <13 F= o} TPD 7
Aol pellet® =z wh= Fulo] A 54 #ishr ysiivt.

Fujo] S-S ST A3, Y el wE AP EH 5
73] Mishes wEe o= QIglon 7] A7) warek Ak H el A

3-2. Y12 23

ode] 714 159 Alzte] w2 W 8kg-2] M3kE Fig. 60l UERY
SAth. MCHS} n-dodecane?] 7-9-oll= Altel] ubE 2 3H-8-2] ¥ s}
7t 747} 5.8%, 15.2%% S| vreRd o, Soff e ol mhE
AgHE2] Aol mgk 4] ¢kgitt. 12 Lt exo-THDCPS] 7-¢-, BEE-
Z71o= o 85% o142 =2 WSS Ho|thr} disk FEQ]
ol AHE-E 7359 pellet FENS] S0l ARE-EE -0l 212} 3042,
45% o] TR Ag-go] FHsH WolA= AS FRlgd 4= Qi)
ThE pellet Fef Sl o] Z-f-olli= 603 o] 5ol 1= disk Fejo] S
B} 58 A3E-5 fAshs A 0% nFo] Boks v, pellet FE
o] Fuj7} disk FENO] St v A3} B L7 mErhe
g &5 Sk
WS- Fof] A o] BAS GOMSE #4310 ez
et A7E Fig. 70 YHERIRITE (@)} (b)F MCH, (c)$} ()&
-dodecane 18] 31 (€)%} ()T exo-THDCPE A5 = AHE3I&
390l Aol A &2 R Zlolw A v D2 disk ¥
B, 7 R A& pellet FENC] FullE AR Aotk MCHS} -
dodecane®] 9ol He-&o] 99 v/ A 2 O HEe F+
FulE ARSghol| mE B4 0] zto|7t A4 sttt v
exo-THDCPS] 7, disk BE|2] FulE AH3ISS wloll= € 3
O] Fgo] Whg F 3037HA) = FHasitirt 11 o] $E] S
om, Cyy, A Afell= v F 30 7HA= S 1 o)
S 7haskgiTh dhE o pellet HE| ] FHujS A3 A Sl
Cyo 3E9 F80] W F 4587H4] 2Aastcrt 60 o] $-ell 7t
3o, C,, AR Aol W T 45874 Skt 1
O] FHE] Fhadhe A ES KU o] Fig. 604 AgHEo] §4
3] Fhadhs ARl g

OOm

4

N, TR

95
w0l @ 1 ® 1@
85+ x y ¥\~_~ ]
= 80 i ]
c 754 o
2 -
@ 70 J
g -
2 651 ]
S 60 —=—pisk ] —=—npisk 1 —=—nisk
55 —eo— Pellet —eo— Pellet A —o— Pellet
50— T v T T T v y v T T v v T T
0 15 30 45 60 0 15 30 45 0 0 15 30 45 60

Time (min)

Fig. 6. Conversion by fuels according to the catalytic molding method; (a): MCH, (b): n-dodecane, (c): exo-THDCP.

Korean Chem. Eng. Res., Vol. 57, No. S, October, 2019



FLAR T2 Fl A Wl mE a5 73 el st A 615
30
(a) Il 0min | (b) Il Omin
25- i B 15min
B 30min
20 B 45min
—_ I 60min
2
S— 15.
ke
]
< 104
5 -
04 |
9 10 11 12 13 14 9 10 1 12 13 14
Carbon number Carbon number
30
(c) Il Omin | (d) Il Omin
25. C12 B 15min _ B 15min
I 20min I 30min
20 S B 45min B 45min
— I 60min I 60min
32
= 154 ’
k)
2
>

9 10 11 12 13 14
Carbon number

9 10 11 12 13 14
Carbon number

Il Omin

I 30min
I 60min

9 10 11 12 13 14
Carbon number

B 15min |
B 45min

I Omin

B 15min
I 30min
B 45min
I 60min

9 10 11 12 13 14
Carbon number

Fig. 7. Yields of products classified by compound type according to the catalytic molding method; (a), (b): MCH (disk, pellet), (c),

(d): n-dodecane (disk, pellet), (e), (f): exo-THDCP (disk, pellet).

Fig. 8ol WHg- 5] Aol AP ES 18 vhelrisgEd
Cycloalkane™} Cycloalkene, %<5 3}3t=<] aromatic, AFE X 7}

A3 g3} A43}5HEQ Linear?} Branched 18] 31 ©]&9l 3814
= 43321 Other® T-i-ske] WERA AT ()9} (b)= MCH, (c)9}
(dy= n-dodecane “12]3L (e)2} ()= exo-THDCPE U&= A3}
e 7ol 3 WA 42 disk FE, T HA D2 pellet FE|
Zuj & AFS-s AFoltt. WA 1E]E 'l AslhE<]l MCHS}

exo-THDCP7} i3l H 2 W3 shekao] A= 2ls 2l
& glow, oju] W= 319k= 2] 8> exo-THDCPE AR5}
e well B A vebtal MCHE) 74-9-oll= 18] 3 ghsl4o)
FEE 5 2SR 5 Qv Wil AkeE "l dARd]
WS s Eel 7
473 H3 ot Wi AIZto] Aojd a5 Ak Bl 7 ehskaTt
T2 AYEE AE SR ok ol 9 22 AHE Fel 2

Korean Chem. Eng. Res., Vol. 57, No. 5, October, 2019



ri){d

616 olHlz - A - 714

70 @) Bl Cycloalkane, Cycloalkene (b) Il Cycloalkane, Cycloalkene
yam\ B Aromatic I Aromatic
60 ./ I Linear, Branched 1 I Linear, Branched
I Other I Other
50 4 T
- 404 -
S
B 30 ]
2
>~ 20- i
10 4 h

Omin 15min 30min 45min 60min Omin 15min 30min 45min 60min

Time (min) Time (min)
70
(c) Il Cycloalkane, Cycloalkene (d) I Cycloalkane, Cycloalkene
B Aromatic I Aromatic
60 I Linear, Branched 7 I Linear, Branched
"~ I Other I other
50 4 4
B? 40 4 -
T 304 .
2
> 20 4 -
10 "

Omin 15min 30min 45min 60min Omin 15min 30min 45min 60min
Time (min) Time (min)
70 (e) I Cycloalkane, Cycloalkene (f) I Cycloalkane, Cycloalkene
. B Aromatic I Aromatic
601 / I Linear, Branched 7 I Linear, Branched
I Other I Other

50 4

40 4

30 4

Yield (%)

20 4

Omin 15min 30min 45min 60min Omin 15min 30min 45min 60min
Time (min) Time (min)

Fig. 8. Yields of products classified by compound type according to the catalytic molding method; (a), (b): MCH (disk, pellet), (c),
(d): n-dodecane (disk, pellet), (e), (f): exo-THDCP (disk, pellet).

g3 gl ASE AREA 2R Nk Fof]l WY E= =29 3h= oA AY 07 Q18] CETF T ARG W, 1]
2 sl A SgEo) *@HQ 11[23], n-dodecane> Bht]Z #3) 1k
ol &l € Rrh 22wl A 9 7EAE A3} ©halra])
S &4 9l 3}5hEo] TE A TH 24] HPUﬂOﬂ exo-THDCP % ?J
Fig. 77} 89] A|7tel] W& F3l WA= e} 385 T/ W o &Jaf C
ske AR MCHE ©1/d3} jEgoll o3l ¢,¢] 1] 728 A 0% &

Korean Chem. Eng. Res., Vol. 57, No. S, October, 2019

7}8% Rned ? ]‘:]'[25]‘ ol .Lﬂq T4 0%%



i

t ‘:]’ O 2Rk Fan-g MAUS I 74 A WS g9
7107 AlgHr},
‘ﬂ 27| &t A x5k F 7HA] FEje] SiE ARt
CHS} n-dodecanes A HZ 310 HH5-& YA & 0
153 AtolofA] W= 31eha o] el Aol B3Itk MCHE
71 3 0ol A disk®} pellet FE AFESIA-S w] W3-8
oot pellet FE ARSllE 730l disk EUHEEP ER
P o] 7o) o] A vkt en 12l gEkral]
l%E]-""l:]- n-dodecanes WH-5- A1Z1 4-$-ol = w7 ]'Xli lﬂ'
155 AloollA] - FulE ARESISS wl o] gL 1]
i, pellet Zuj 5 A S 75‘-‘%01]-5 disk iUHELE} w

[¢]

mlo

i)
o FE

éoﬁﬁ
,z oz

il

T2 3R
_>Lll110 oX,

¥ olo
ol

l

ot
m{n
0 e,

—l°l'>lL—“.l~'

_o‘h
;O
m%

My oo WO T

ool
1
oty
m‘i
m{n
L
_1

ftfo

2 7
b a
S
o,
N
Xy
oo
?
%

B
>~
1;
=R
N
E
rll

T8 S71E o] B e exo-THDCPE Hl~ /\l 71 %]

IES- 5 0ol A 303 Atololl A& A 2/ sk
T S ARES Aol B skl ek o, AgHe 1A
A nRP A R disk F0E ARSSIS Aol WEks st
E T80] HhE § 3027} 453 Atolell 548 A Wobi o1 pellet
=
;

>4

whe] Aol Mg F a5t 60I Alole] S Aol

33. 33 M

Hh&-o] Byt ol ARE-¥ FHulE TGAR w-4]8te], WAst 331
S F8 A2E Fig. 9ol ERIQITE (a)y= MCH, (b »-
dodecane 18] 31 (c)i= exo-THDCPE 15 % AME-3F-S W] Fujlof
AR 32 AAHE YeRdtE MCHE AR5 2 AHE318IS 4
Qo= 2] AAT0] 18.7 wi%Z 7 A1 2™, n-dodecane¥}
exo-THDCP-& AF&-8t -0l = I3 A Zol ZH2F 32.9 wiv,
35.1 wi%=E 71¢] vleatA S E QI ol 9 2L AHE S A

40

e #9154

92} 73 Aol ek A 617

B5 TR SRS et I8 ARl Y-S F A0R
s, AAZ C,Q1 MCHE AHE-3t 799l C,,2] n-dodecane
1t} Cy8 exo-THDCP= AHE-81SE wf ok 373 B3] 2la-5
gh1ek 4= Itk MCHE AFE-8F Z-9-oll -+ Zvl| 8] 3 A F
22 Zpol 7} Qo AEHEL] atoli= A9 gl Ao w nFo] K
05 Sl W) 5120 S Fl vl Sule] v sh=
=l S AMEEI S wlo] WEhgof B JIS FA P Flow
Ho} Jkd ey p-dodecane?} exo-THDCPE AFE-3151 & TIHQ
*g"o F2 71 9] H]S=3HARE, n-dodecanes ARESFSS 73-$-oll=
A3hg-2] A7) 34 93l exo-THDCPE AHE319S 4%
A3go] a7t FA3) dop= AL 013 4= %ouq,

Ame] 724 540 3 0.2 A2k wge] 1
g 732 Aol Q& Fuje] 7] Fo] vl n-dodecane.J 7
FollE AR TEREA 7182 A7t Aok Sl 7] Ut
kel ol & FEE A oL exo-THDCPE] 7-9-oll= a1
& 29 w2 A7 A8l 71e8] 717 ZoFAH n-dodecane
Ho} 75 W29 kel Jaks Fo] Sl U] AT A&
sto] w3l == Aol o GxiTt. o]2f st o] frel 2l&l] Lh#] F <
E.94= TH2A) exo-THDCPS Z0] 413 W] the 11 442
o] zpo] 7} 2 gkg o] Wiste] S w3 o= fkEr) 539
pellet Z1l| 2] 73-9- A€l 779 <fo] ] A1, F715 322 F
7} disk FuljRrh 7] wiitel] A 00 gt Exle] gk
of et A|g/de] o] Ao AeE 74t o] 42 F o= s}
7350l A AH-5 pellet Zull7} disk FojRch 74
Zdgo] 22 2 5gk o] 2fgh o] Ak 54 9 V)% 5449 Ale]
oA v Zolear Ak},

Fig. 100l %0 up& A|52] A& W3l =5 DTG 12X 2
YERHATH MCHS} exo-THDCPE AHE3ISS W] DTG H4&

&

o

(

D

H

By

o o

g

l‘ll

Lt
32
=

£

o

éFTF

[‘

=N

BEds

(a) (b)

N w
o o
n i

n

Weight percent (wt%)

0

Disk Pellet Disk

(c)

Pellet Disk

Fig. 9. Coke amount produced in disk and pellet type of catalyst; (a): MCH, (b): n-dodecane, (c): exo-THDCP.

(a) ——Disk (b) Disk (c) —— Disk
Pellet Pellet Pellet
)
b
X
(O]
-
o ———A—
400 500 600 700 400 500 600 700 400 500 600 700

Temperature (°C)

Fig. 10. DTG curve by the catalytic forming method; (a): MCH, (b): n-dodecane, (c): exo-THDCP.

Korean Chem. Eng. Res., Vol. 57, No. 5, October, 2019



618 oz - 7 - 739
(a) Disk (b) Pellet
o %) 540 T
< T
X 2
Q O]
- -
o o
400 500 600 700 400 500 600 700
Temperature (°C) Temperature (°C)
(c) Disk {\)\ (d) Pellet {\
o o
< e
32 2
© 2
o o
400 500 600 700 400 500 600 700

Temperature (°C)

Temperature (°C)

Fig. 11. Decomposition of peak in DTG graph; (a), (b): n-dodecane (disk, pellet), (c), (d): exo-THDCP (disk, pellet).

3 7o) FAKSR, n-dodecanes AFE-3F 7-9-ol)= disk Zuj <]

78-F 530 °C2} 550 °CellA - 7N e] I A7k FHEEH Y, pellet vl 2]
789 540 °Coll A slike] & 9l A7t S E QI o] 23 9] =19
2fo]= disk vl 9} pellet Zrfjof] B4 € 377 o] tha= M
o7 ZwElr),

o] B} 2S48 $181eq Fig. 100 YR n-dodecane
3} exo-THDCPE AH-3191-2 Wl 2] DTG 1213 W) 995 of2] 7§29
v a2 239tk 11 A3 n-dodecanes AFESFES A9
DTG =1 ellA+= disk ] 73-9- 530 °C2] 22 ] A.9} 550 °C2]
TR ] E ™, pellet FH 2] -5 540 °C] F )22} 590 °C2]
e TE]EIE} exo-THDCPE AH8-3131E 7-9-2] DTG =
AollM= 7 Full B 530 °CollA] F3F 712 914, 540 °CollA]
7V & 93 1831 590 °CollA] 7HE A F AR FHEE O,
pellet Zj|] 735l disk Zullell vzl 540 °Cel|A 9] I 7.9] =)}t 7

B R REEE RERE RSP I
QU3 %= girk. ek 2zt - 92 4 BEISE ERAEE)
Lok DE}A] = oxo-THDCPE AFE-3F 79-91= 2] n-dodecane
AREEE Agoll= Ul 9= f1A) ) Lﬂ‘ﬂl L deee gl
, ©I= exo-THDCP= AHEF3S 73-9-¢ll 7t Sl vfel] A
73¥ 3] AR e GEA |y A ARells 2 Akel7t fle
™, n-dodecane®] 3-$-oll= A H 72 A3} v]& 5 Sl 9
3% WPlell wet GeblE ojugit.
Korean Chem. Eng. Res., Vol. 57, No. S, October, 2019

o w4, |

\__

3
Hal= Aol H71sh= binderol] 23l Znlj<]
Jjﬂr 71i E“Ol g, A8 E FAEHs shHEe] el w
2} Zul] 13l Aol A= B TR e S #1818
o}, 523k, Fujj o] A8 v ol e} 53] exo-THDCP 915.2] W3-8

;

4 ‘il o e w5 514
2ol e 22 & 5 Qi o]l @4~ Er|2 S
Bl 8IS ) Sele A 27) 30 BRI ulaA O pellet 3
Ble] St disk Fele] Suc o ek AR 28 4 9l
9Lom], ALg-8 Qo] mHE ol el Ao} 2 14 A3k A)
=% 59 Ang K el B8 5 S Ao sk,

oA 43
o]

References

1. Sobel, D. R. and Spadaccini, L. J., “Hydrocarbon Fuel Cooling

Technologies for Advanced Propulsion; ASME 1995 Interna-



10.

11.

12.

13.

FAAT FFO Sl 4 Wilel W RS 32 APl B A7 619

tional Gas Turbine and Aeroengine Congress and Exposition,
June, Houston(1997).

. Huang, H., Sobel, D. R. and Spadaccini, L. J., “Endothermic

Heat-sink of Jet Fuels for Scramjet Cooling; 38th AIAA/ASME/
SAE/ASEE Joint Propulsion Conference & Exhibit, July, India-
napolis(2002).

. Granata, S., Faravelli, T. and Ranzi, E., “A Wide Range Kinetic

Modeling Study of the Pyrolysis and Combustion of Naphthe-
nes, Combust. Flame., 132(3), 533-544(2003).

. Kim, J., Park, S. H., Chun, B, Jeong, B. H., Han, J. S. and Kim,

S. H., “Improvement of the Heats of Reaction in Endothermic
Reactions of Methylcyclohexane with Zeolites, Catal. Today,
185(1), 47-53(2012).

. Gerasimov, G. Y. and Losev, S. A., “Kinetic Models of Combus-

tion of Kerosene and Its Components, J. Eng. Phys. Thermo-
phys., 78(6), 1059-1070(2005).

. Edwards, T. and Maurice, L. Q., “Surrogate Mixtures to Represent

Complex Aviation and Rocket Fuels, J. Propul. Power, 17(2),
461-466(2001).

. Daniau, E., Bouchez, M., Bounaceur, R., Battin - Leclerc, F., Marqu-

aire, P. M. and Fournet, R., “Contribution to Scramjet Active Cool-
ing Analysis Using N-dodecane Decomposition Model} 12th
AIAA International Space Planes Hypersonic Systems Technol-
ogies, December, Norfolk(2003).

. Edwards, T., “USAF Supercritical Hydrocarbon Fuels Interests;

31st Aerospace Sciences Meeting, January, Reno(1993).

. Qu, S, Liu, G, Meng, F., Wang, L. and Zhang, X., “Catalytic

Cracking of Supercritical n-Dodecane over Wall-Coated HZSM-5

with Different Si/Al Ratios, Energy Fuels, 25(7), 2808-2814(2011).

Liu, G, Zhao, G, Meng, F., Qu, S., Wang, L. and Zhang, X.,
“Catalytic Cracking of Supercritical n-Dodecane over Wall-Coated
HZSM-5 Zeolites with Micro- and Nanocrystal Sizes, Energy
Fuels, 26(2), 1220-1229(2012).

Xing, Y., Fang, W., Xie, W., Guo, Y. and Lin, R., “Thermal Cracking
of JP-10 under Pressure’ Ind. Eng. Chem. Res., 47(24), 10034-
10040(2008).

Deng, H. W., Zhang, C. B., Xu, G. Q., Tao, Z., Zhang, B. and
Liu, G Z., “Density Measurements of Endothermic Hydrocarbon
Fuel at Sub- and Supercritical Conditions,’ J. Chem. Eng. Data,
56(6), 2980-2986(2011).

Edwards, T., “Cracking and Deposition Behavior of Supercriti-
cal Hydrocarbon Aviation Fuels; Combust. Sci. Technol., 178(1-3),

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

307-334(20006).

Green, R. J., Nakra, S. and Anderson, S. L., “Thermal Decomposi-
tion of JP-10 Studied by Micro-flowtube Pyrolysis-mass Spec-
trometry, Combust. Flame, 144(4), 662-674(2006).

Cooper, M. and Shepherd, J., “Experiments Studying Thermal
Cracking, Catalytic Cracking, and Pre-Mixed Partial Oxidation
of JP-107 39th AIAA/ASME/SAE/ASEE Joint Propulsion Con-
ference and Exhibit, July, Huntsville(2003).

Tian, Y., Qiu, Y., Hou, X., Wang, L. and Liu, G, “Catalytic Crack-
ing of JP-10 over HZSM-5 Nanosheets, Energy Fuels, 31(11),
11987-11994(2017).

Kim, J., Hyeon, D. H., Park, S. H., Chun, B., Jeong, B. H., Han,
J. S. and Kim, S. H., “Catalytic Endothermic Reactions of Exo-
tetrahydrodicyclopentadiene with Zeolites and Improvement of
Heat of Reactions, Catal. Today, 232(1), 63-68(2014).

Guisnet, M., Magnoux, P., “Coking and Deactivation of Zeolites:
Influence of the Pore Structure}’ Appl. Catal., 54(1), 1-27(1989).
Holland, B. T., Abrams, L. and Stein, A., “Dual Templating of
Macroporous Silicates with Zeolitic Microporous Frameworks;

J. Am. Chem. Soc., 121(17), 4308-4309(1999).

Janssen, A. H., Schmidt, 1., Jacobsen, C. J. H., Koster, A. J. and
de Jong, K. P.,, “Exploratory Study of Mesopore Templating with
Carbon During Zeolite Synthesis; Microporous Mesoporous Mater.,
65(1), 59-75(2003).

Tao, Y., Kanoh, H. and Kaneko, K., “Uniform Mesopore-Donated
Zeolite Y Using Carbon Aerogel Templating)’ J. Phys. Chem. B,
107(40), 10974-10976(2003).

Ogura, M., Shinomiya, S., Tateno, J., Nara, Y., Kikuchi, E. and
Matsukata, M., “Formation of Uniform Mesopores in ZSM-5 Zeo-
lite through Treatment in Alkaline Solution) Chem. Lett., 29(8),
882-883(2000).

Lai, W. C. and Song, C., “Pyrolysis of Alkylcyclohexanes in or
Near the Supercritical Phase. Product Distribution and Reaction
Pathways, Fuel Process. Technol., 48(1), 1-27(2006).

Song, C., Lai, W. C. and Schobert, H. H., “Hydrogen-Transferring
Pyrolysis of Long-Chain Alkanes and Thermal Stability Improve-
ment of Jet Fuels by Hydrogen Donors, Ind. Eng. Chem. Res.,
33(3), 548-557(1994).

Wohlwend, K., Maurice, L., Edwards, T., Striebich, R., Vangsness,
M. and Hill, A., “Thermal Stability of Energetic Hydrocarbon
Fuels in Fuel Systems for Combined Cycle Engines, 35th Joint
Propulsion Conference and Exhibit, June, Los Angeles(1999).

Korean Chem. Eng. Res., Vol. 57, No. 5, October, 2019



