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Abstract — Catalytic cracking of n-octane was carried out over H-ZSM-5 zeolite catalysts after calcination with air and
steaming with 100% steam in the temperature range of 550-750 °C for 24 h and compared with the results of thermal
cracking. The increase of calcination and steaming temperature resulted in the decrease of surface area, pore volume,
and strong acid sites, which was mainly caused by the dealumination of H-ZSM-5 framework. It was found by 2’Al and *Si
MAS NMR that the dealumination was proceeded through the transformation process of tetrahedral framework Al—
penta-cordinated Al — octahedral framework Al and the phenomena was much more severe in steaming conditions than
that of calcination. In the catalytic cracking of n-octane, as the temperatures of calcination and steaming were increased,
the conversion of n-octane, the selectivity of light olefins and ethylene to propylene ratio were decreased due to the
dealumination of framework aluminum resulting the loss of acidic strengths. The conversion, selectivity of light olefins
and ethylene to propylene ratio reached almost to the level of thermal cracking after steaming at 750 °C for 24 h.

Key words: Catalytic Cracking, n-Octane, Dealumination, Steam Treatment, H-ZSM-5

LA o, gl 2o FAEHAe T2 5571 TA skl |

ALe] Galkg =, AR HFINESel <Jsto] ke o] gict. 1

Arde) e Qe ARsletAlEel 71k ARel o"dl, 22 U, GRBlIRES- 850 °C o)) 2ol JANE Ealiste] s
A 3 2 AAgNe] Lo 8] Tkt lem, 1A g Arkeb] diEel 1 kgl @S Aksk=t] 5,000 keal ©]
ARTEZY A AR O R 19 59 E440] o]2a1 Qit) I F]t &) gjjgt o7t d st 1]. 53, SeluRteld & Az
*To whom correspondence should be addressed. A7 9ol B EURE] tiES oA AR B URtet
E-mail: chshin@chungbuk.ac.kr Gidl 3o kst Q7] wiitel ouiX] Ao R Q1

291



292 olET - AA% -

A7 E, FARE A T Aol Al

AF 7H el 3A8 A 9 A2 TR Aste], JARELE
= 0l E 7hzo] At MA7IATRE oedls A7) fs M
7k AYAZY S7VHE Aol cledly) L2 Hdlo] ¥ A o
2 A= JA A tiil o dinte] AelF oz dojx|= A
A7kA AA] F453 SUIR kY], ZRF-U] Sl By
o] ofliErt2].

|}

S 3|A3kar 850°C o)) 11L& AR Z 213 X LB
2 4 s AEE E JAF Bsl71& o] Q7E a1 gl
FE ARE8E HEHES= 700 °C ©|3Fe] e A
a7} rhsstEz 71 sl Bl vjsl olvix] #7 a3
9 oatslel] HiE A7do] 7hssh X8RI WSt 3l
S-S Foto] WAL EellE7] whitel 2w Helwr) =
< AAZSYRE YA = = A

ok

e

ut
o
N
o
30
ul
S
Mr o
b
[
e

AAFLABTX) 529 WEFE 3res Ax] A8l C~Cyp B
o] x3BTAE o R st FEFRANES ATE Es] 118
=31 QITh3-5].

SlEsESollA A& FAEE ARl digh 237 dES-<] Bl
2 ARE, o] vli= Fw9] sl 24, 71% &, veEd 5
of] &J3lo] ZHETH6]. Mao 5 ZSM-5 AlF 2] FrjlollA n-git
S Faste] A e I whgelA Sull 2= &3 g
(concept of catlever effectys 2-8-3}3itt. W Z7o) we} A&
I AdE AEETt A 2eE BojFdvl, 8] vV1E o
Rk Gl FES Y aneE FREet § AHR Adst
o W3IRE-S AASE Ao RBNES o] Ze) wabx] Ag
& 9 e AEert A STt 28 5SR-S
Ao & g7 o] A7) 9 QAo wEbA = WhEE g}
Hh37 el &3S RE=THI). whebA, Fulje] Aol whet g A
AES YT 9l FHo] AYHEE FQ7 k= A=
vl 7go] FQsitt.

A& E Full= HELaRhSollA galra veE7 3 5
Aul= T2 571 AAZE 227 whitel] FullRks-e] g4
A ks k= AETRlE 72U EFulge] SZex wauhe
= 2LFREoR Qlsle] AlZuolEL] HAXAHE o] FolE
o] Fujje] EAstel AHA QTS 23 glom, AdE ALl

A|GA Aeko] =L QITH10]. Wb, gaFulias AAlE] As
A7 S]] ghekin]. Sl A E ke 9o
Z e FHE 5 F vk S A5} BEEE v HFo)
A7) wiEel Sl AV S tHeAlA BYAS g Fol] ¢
St ATE AlEE AL ek 12]. Be A EE 2L Qe A& E

CH13].

ZSM-5 EM= 10719 T(Al == Si)-0 Z3o 7 o]Foix] Axt
ARl AEEe|E FollA 713717 S3F JEolH, 54X5.6 A A
719] 2 Ad} 5.1x5.5 A 2719 ARl e Aldoe] wakE e 9)

Sl5kast H46H H|2S 20084 48

~

1 d 2!
W217] slelld 1L ol AR ook Shs AEkS wefdl
W H-ZSM-5 FiE Pgst 2 §lo] Sl = ARk Zlelle= &
& Algto] wEn], o PYA3S IA7)7] AT o] Al
I Qe et} AER kel AREEE Sl 650~740 °C 1
o] =2 2% 9 20~40 wt% B2l 2% 7] sl AAIRE

wEH7] vl 2 4 S Frshs 2o e S8t

£ AFolM= ZSM-5 FullE AR JAF AEEsi-sold] 4
FajRkgo] HAERNES-o] A8y Helro] v FTS 2

[}
WA n-55ke] RS- sl 1L, AR
o 352 wal &4 3l AL AUEE Yehlls ZsM-5 Sl
o 37 ¥l 2% 25171 slelA] fPgAE Asirghet. Svie] dA
g] ze7de]l whE Fole] BAsE Y 2Akslel WA AEEEE
ol AAE 9 AwE Alstast gt
2.4 %

2-1. S0 Mx2|

2 AFelA= SiAL H]7F 2591 ZeolystA k] NH,-ZSM-5(model
No: CBV5524G)E 550~750 °C H{]olA] 2442k 4735t H-3©
2 ASAA ARESEIITE NH,-ZSM-5% 650 °CollA 24417 42433k
%, 550~750 °C ol|A] 24A17F F2F 100% ~EH O R XE|ste] A~H
el ZSM-5 FrllE THEQIT

2-2. FOio| SMEN

XA 3 (XRD) 4], Aagate] gt 71334, Ro} 5
2EHH (NH;,-TPD), A1} 2Si magic angle spinning(MAS) S84}
713 (NMR) 0w Fule] 5448 B8t

1) XRD #4: AAz] A-52] Sufj 234 WstE A E7] S8}
o X-4 3727 (Siemens D-5005, Cu Ka=1.5418 A)E A}-§-549
XRD 418 3Ith ARE 19ty AR/ 40 kvel 40 mAR F-4
TZHE 207} 5~40° ©]a1, B A= 0.02°, @A AR 47 31
gadet.

2) 7134 : Micromeritics A2 ASAP 24055 AR&-31o] A 2
A 2o AAE ARESe] & - g3 TS TRl el
A E29 NAAAS Q8ke] 300 °CollA] ¢HEo] 107 Torr o8+
A" F 52 AES ST PP=0.002~0.03 HIGIA &
20 F NEEAS FBI3.0m, P/P=0.99914 &2 )4
S AT Z Fkste] 71559, t-plots AR 1A
FTHEIE A3 tplotC. ZHE dojR] v 4 7] F 5] 9}
Horvath-Kawazoe 22 ©]835}] 2 nm®] 7]3-=1719 Sdshk= A
o] 4 PP =0.10141 <] w]A713F-I]E v wslelth.

3) NH;-TPD: €558 7](thermal conductivity detector, TCD)7}
2°] 21 Micromeritics AutoChem 11 29202 ©]-8-5}0] F1l] 0.1 g



H-ZSM-5 Fullelr] n-3%ke] Fuls

< He 97104 $24 %S 5°C/min® 2 500 °ColA] 2417+ &
2] ¥, 10% NHy/HeS 30 cm’/min®] 3502 80 °CollA] 301k
F2slelth. drYol 52 F He w9712 1AIZF Bt 74519
g2 duvels 22 & 50 em¥/min +22] He #5171
A1 700 °C 714] 10 °C/min®-& 52311 NH;-TPD 23S 3131t}

4) MAS NMR: 4 mm ©]ZF 3 ZZHE 25 500 MHz NMR
E33=797](bruker avance 500)= ©]-&3to] A1} 2Si MAS NMR
AFAEYS Tt YAl MAS NMR AFE YL YA AE5
130.325 MHz, 3] %% 12.0 kHz, 3,00081 2708 $=8510] 99]
o} 24 2202 n/4 rad, 5.00 us®] B2 dole} AA AR 1.0
Rom, Al(H,0) §NL 7150 YAl 384 Wo] e 3%
t}. 2Si MAS NMR ~FEZL 314 4% 10 kHz, ¥Si F55
99.351 kHz, n/2 rad, 8 us® A Ao|E ARSI A A7
30%= 3,000 A0S 38131 S, tetramethylsilane(TMS)S 7]
o= ¥8i0 glehA wio] ks Fslsict.

2-3. HISEA| H AU
AR 59 skl
Uk ARk 715 olgato] Fulaibe= ARSI W
o] R A= AaE ARSIl om, f32 A FZAIMEC,
Brooks 5850)% Z=A8ISith. HkgE W] n-5& W Eo] ke &
N

o] F5= FA3ISI) o|u|e] n-& ekl Eo) fERe AL
o2 77} 1.0 0.5 em’/minell S|, AaE T F
50 em*/min®| Atk Frll X2 E flste] vES7lel FHl 0.1 g
50 em’/min® = AAE 29 2 °C/min® R 750 °C7HA] S
AIRE Ao, A F WS 675 °CE W] 6A%E
n-%5H] FHuhake-g Kaseltt. A=) w42 0.
60 m Volamine Chrompack capillary column % EZ4fo]2H %7
(FIDY7} 422 Varian 3800 GCE 38tk Agk&-2 A0 9 n-
St BERRRE 39 058 B0 nE ARlsilon, Aus
v AWE T 7 ARl ARshe TR JYERIITE 2 AN E
o tigt &2 AE Sl el 5 n-SEe] S 0= Al
2kade.

o :lo
2

offl ot ot
HHOMLF

P

o
- —

ﬂoﬁ
3
3
X

3. 23 ¥ nFE
3-1. &M 2 A= H2Z|o| 2 ZSM-52| FZE=HS}

£ ZSM-5 E02] F7] B 100% A~8A e T 4F oPgAE A4
33T

Fig. 1(A)i= Si/Al B]7} 2591 NH,-ZSM-5% 550, 650, 750 °C2]
7] L1710l Z42E 24A7H 473 % §- XRD 4] Adolt). A&
JEEE 55000141 750 °C7HA] =01 XRD F A A7 | E01EX
Forer, 31 Fet al Tl vel li= ZSM-52] XRD wHE v}
F 2 2E}ATH20]. ol ZHE 750 °CHAI= B B94718F 2430
oJ3|43= XRD Fo2= TEHst dojub] 3-S5 ERlsIgiTt

650 °ColA] 24417t 2433 H-ZSM-55 550, 650, 750 °CZE 24X]
7+ & 8 Ae] Fefl XRD ¥gkE Fig. 1(B)°l] VRt 24
Zulj 9} o], 750 °CollH] A”l o7 AE3k Fol % ZSM-5 12 &
/4 937t 2 B, I3 A7l 2vgiE Wt (ST

O

who§

(

WS- AA]

gl

»

e A2 axf 293

:
P
l

Intensity

B L N

10 15 20 25 30 35 ' 40
2 Theta (degree)

(A)

Intensity

(b)

(a)

L

5 10 15 20 25 30 35 40

2 Theta (degree)
(B)

Fig. 1. XRD patterns of H-ZSM-5 zeolite (A) after calcination at (a)
550, (b) 650, and (c) 750 °C for 24 h and (B) after calcination at
650 °C for 24 h and then steam treatment at (a) 550, (b) 650, and
(c) 750 °C for 24 h.
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Table 1. BET surface area, micropore volume and total pore volume
of H-ZSM-S zeolite catalysts treated at different conditions

Pore volume (cm’g™)

Sample treatment

S i (Mg Micro Total

Method Temp. (°C) t-plot  P/P,=0.1
Calcination 550 461 0.172 0.177 0.309
650 443 0.175 0.174 0.272
750 426 0.167 0.162 0.249
Steaming 550 424 0.160 0.161 0.284
650 397 0.147 0.150 0.287
750 399 0.152 0.150 0.279
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Fig. 2. N, adsorption-desorption isotherms of H-ZSM-5 zeolites (A)
after calcination at 550, 650, and 750 °C for 24 h and (B) after
calcination at 650 °C for 24 h and then steam treatment at
550, 650, and 750 °C for 24 h.
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Fig. 6. ’Si MAS NMR spectrum of H-ZSM-5 (A) after treatment
with 100% steam at 750 °C for 24 h and (B) after deconvolu-
tion of (A). The spectrum was deconvoluted with total 9 peaks
with intensity ratioof 1:2:3:5:6:2:2:2:1.
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Table 2. Conversion and product distribution in thermal cracking of
n-octane at different temperature

Reaction Temperature (°C) 600 675 700 750
n-Octane conversion (mol %) 123 473 709 969
Product yield (wt%)
Methane 0.7 33 5.5 9.7
Ethylene 39 203 340 534
Ethane 0.4 1.1 1.5 1.8
Propylene 20 100 153 162
Propane 0.0 0.2 0.3 0.3
i-Butane 0.0 0.0 0.0 0.0
1-Butene 1.5 52 6.3 2.6
1,3-Butadiene 0.0 1.5 33 5.8
i-Butene 0.0 0.0 0.1 0.2
n-Butane 0.0 0.1 0.2 0.3
2-Butene 0.0 0.0 0.2 0.2
Cs 1.3 2.7 2.3 2.0
Cs 1.4 1.9 1.0 0.9
Benzene 0.0 0.0 0.3 2.3
C, 0.6 0.8 0.4 0.7
Toluene 0.5 0.3 0.2 0.5
p-Xylene 0.0 0.0 0.0 0.1
m-Xylene 0.0 0.0 0.0 0.1
0-Xylene 0.0 0.0 0.0 0.0
Ethylene + Propylene 59 303 493  69.6
Ethylene / Propylene 2.0 2.0 22 33
Butenes 1.5 6.7 10.2 8.8
Cs 1.3 2.7 2.3 2.0
Ce+C, 2.0 2.7 1.4 1.6
Aromatics 0.5 0.3 0.5 3.0

Reaction conditions: n-octane/water vapor/N, molar ratio=1/0.5/48.5; total
flow rate 50 cm® min™!, catalyst weight=0.1 g, and reaction temperature=
675 °C.
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Table 3. Conversion and product distribution in catalytic cracking of n-octane over calcined and steamed H-ZSM-S zeolite catalysts

Calcination temperature (°C)

Steaming temperature (°C)

Pretreatment
550 650 750 550 650 750
Time on stream (min) 36 400 36 400 36 400 36 400 36 400 36 400
n-Octane conversion (mol %) 100.0 89.0 995 88.4 87.0 70.5 76.7 70.4 53.2 50.6 53.1 50.6
Product yield (wt%)
Methane 6.0 4.7 5.0 43 4.0 3.6 3.8 33 34 33 3.8 3.7
Ethylene 423 239 370 242 272 22.0 23.5 21.3 20.3 19.5 21.5 20.4
Ethane 5.5 34 53 3.7 32 22 2.7 2.4 1.3 1.2 12 1.1
Propylene 26.6 25.1 314 276 28.9 222 24.0 22.0 14.2 13.3 13.0 12.1
Propane 3.1 39 42 4.1 35 2.1 3.0 2.6 0.6 0.5 0.4 0.3
i-Butane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1-Butene 1.6 32 2.4 3.5 5.2 5.2 5.9 59 4.5 4.4 43 4.0
1,3-Butadiene 0.3 1.3 0.4 1.0 0.8 1.0 1.3 1.2 1.5 1.4 1.9 1.9
i-Butene 0.6 33 1.8 33 29 22 29 2.6 0.7 0.5 0.3 0.2
n-Butane 0.6 12 1.4 1.9 2.0 1.8 22 2.1 1.3 1.3 1.2 1.3
2-Butene 0.5 0.9 1.0 1.4 1.6 1.4 1.7 1.7 1.0 1.0 1.0 1.0
Cs 0.2 3.7 0.7 29 2.1 2.7 3.1 3.0 2.5 2.7 2.8 3.1
Ce 0.0 1.4 0.0 0.4 0.5 0.7 0.7 0.9 0.7 0.7 0.7 0.8
Benzene 5.6 52 42 4.5 2.0 1.5 0.8 0.5 0.2 0.1 0.1 0.1
C, 1.3 1.5 0.5 0.6 0.3 0.3 0.3 0.1 0.6 0.3 0.4 0.4
Toluene 4.1 3.6 2.8 2.8 1.4 0.9 0.6 0.5 0.4 0.3 0.3 0.3
p-Xylene 0.2 0.5 0.1 0.4 0.2 0.2 0.0 0.0 0.2 0.0 0.0 0.0
m-Xylene 1.0 1.7 0.9 1.4 0.9 0.4 0.2 0.1 0.0 0.0 0.0 0.0
0-Xylene 0.3 0.4 0.2 0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Ehylene + propylene 68.9 490 684 51.8 56.1 442 475 433 345 32.8 345 325
Ethylene / Propylene 1.6 1.0 1.2 0.9 0.9 1.0 1.0 1.0 1.4 1.5 1.7 1.7
Butenes 3.0 8.7 5.6 9.3 10.5 9.8 11.8 11.4 7.7 7.3 7.5 7.1
Cs 0.2 3.7 0.7 29 2.1 2.7 3.1 3.0 2.5 2.7 2.8 3.1
CetCy 1.3 29 0.5 1.0 0.8 1.0 1.0 1.0 1.3 1.0 1.1 1.2
Aromatics 11.2 11.4 8.2 9.4 4.7 3.1 1.6 1.1 0.8 0.4 0.4 0.4

Reaction conditions: n-octane/water vapor/N, molar ratio = 1/0.5/48.5; total flow rate 50 cm® min™!, catalyst weight = 0.1 g, reaction temperature = 675 °C
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Fig. 7. The change of (A) conversion, selectivities to (B) ethylene, and (C) propylene depending on time on stream in catalytic cracking of n-octane
at 675 °C over the H-ZSM-5 zeolite catalyst after calcination at 550 (H), 650 (@), and 750 (A) for 24 h, and after calcination at 650 °C for
24 h and then steam treatment at 550 (W), 650 (@), and 750 () for 24 h.
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