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Fig.1-1 Tentative reaction scheme for n-butane
catalytic cracking on rare earth metal
oxide catalysts

( R: C,Hg, M: rare earth metal ion )
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paraffin

reactant
l ||_; L carboniun ion i ,H carbenium ion
N\l
FIN L L ¥ 2
H \ N/ f\‘l 7N\
>~ v +
H+ { ’C\
N\ ag e M ~
MMM NN A\
catalyst
(a) approach of reactant (b) formation of (c) initial step of cracking
to acid site carbonium ion (formation of carbenium ion)
Z
reactant Ln g \ /N7 raffin
o p
o f\(l:/C\ y 4 carbenium ion H’ H
/ \ K2 |
/ N\

I

(d) hydrogen transfer reaction (e) formation of paraffin and
between reactant and surface carbenium ion
carbenium ion )

Fig.1-2 Mechanism of cracking of paraffin
over solid acid catalyst
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1 /
reactant N2\ !'-’/C< N (l: Ho L
C -
7F H C\'i = ’i_f’ & :‘r{«‘f T2
3 M H ‘ M
X . R I
MO \\\\ |
(a) approach of reactant (b) activation of reactant by
1o active site : acid site and dehydrogenation

(M: site for dehydrogenation) site

reactant

=4 fin
i
: H /
o e 3P 1 = 2T —>
H "
j W ke
(c) production of olefin, hydrogen (d) desorption 'of carbenium ion
and carbenium ion (hydrogen to olefin and regenaration of
transfer between carbenium ion active site

and reactant is inhibited)

Fig.1-3 Proposed mechanism for olefin production
over appropriately designed catalyst
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—75, EHECUBROEET, RIUKREEMCRLIL 7 255
B OfEE UT, &m0 s EE T AT 5 ~ & %
BNELTNS (6], ZORISHELREMAMRRISTH D, 7 HERLy
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DRERBLTEL 7 4 D EDERNE S 2 2 BT SN T VB,
BT 2 MRS U 7o S R AMTICRBE RS 2 1T B A 0SB & T2 TIN5

—HEE 54 D& S BRI I AR S T b B
BEDESUNRKBENTEY [7], £ BEEEAT 52 &0k D ARBA
RIEBHIHE S NAL 7 4 DRESFET 2 E NS BWEBETNTWS [8].

A E R U BAEA RS 2T 2 LTI, AR LA 0 % %
BT EHEETH S, Lemonidoud VIRBAL 2 RO B D Fe M 0 B
ELTREF Y TIC L 2D RIIEIREWME L THBY, EE5 OBRNT
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ERN, SUNERBUEBEABIIESTFLY - TOPL S ERO AL
HEiCOWTRS L,



2—-2. £ B

(1) HABXOHE

FRISEROn-7 % 3HE.8% L, LOTHIRD B D EHAWEZ, n-T &> D
FRODITFITIIHRO R > RAD HEEEATZ (B3R, BE, \UTL,
KE, ZEBALER, TOEIY  WINBHEI%LL L) ERWE, IR
5DOHAIHBER U THK - BRI EDREERT /2, U NEHEO
MEL LT, LM E RN PO S ES BEIEE, MBE,
MEBEZSEHER Lz, TOMOREKITDONTH DGR = /- 13RI Bk
ORI Z W,

(2) SUNBEES U D OER

SUBEELS Y S TROEE S U S (CARIACT G)& MWz, CARI-
ACT GB XU B ofn sl m W OYER % Table 2-11TR Y,

LU MICHT B BB S BT o . 21 D ETIE RO S BRMRE
BUARE B KSR L, 40CT 1 RERILIE L7248, WUE F CRmE
TB T LICk DI A SRR LT, RREESOMINT, 120C T8
SRR L7218, v 7V TE00C A ARG TRIEL, Z0xE 55
BgER L 72 D& RINICA Wz, TOfl, U AT 2 8EOUBEKICD
WA IR L

(3) YU NBLOERDONH

U H %O HE RN I SR B R R EAESA-6201 (EBRAETTE)
2R, NHy-TPDIRAEBIREBEEARY MIAHEE (HALE %
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GC-MSZRWTITo 7=,



Table 2-1  Properties of Amorphous Silica (CARIACT G*) and Quartz sand

Grade G-10 : G-6 Quartz sand
Chemical formula’ SiO, (purity : 99.8wt%) . 97.0wt%
Specific surface area 280 m¢/g 500 m?/g <0.1m?/g
Average pore diameter 10 nm 6 nm ——
Pore Volume 1.3 cc/g 0.7 cc/g - =
Particle size 180~500 um 10~36mesh
(0.4~1.7mm)
Impurities Alb,O3; <100ppm 1.4wt%
Na,0 <300ppm no data
Ca0 <400ppm no data

Fe <70ppm

0.02%(as Fe,0,)

* CARIACT G was supplied by Fuji Silysia Chemical Ltd.
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Reaction temp : 700°C
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CH4
BTX
C4Ho6
C4H8

F1g 2—-1 Product Distribution in Oxidative Cracking

of n-Butane

Reaction conditions: n-butane, 2.8 cm®-min™; N,, 18.7 cm®-min™;
O,, 2.7 cm®-min™ ; O2/HC (mol) = 0.96; O/C = 0.48; pressure, 1 atm.
Qtz : full loading of quartz sand.

G-10 : 0.5 g of G-10 was loaded with quartz sand.

silica tube : empty silica tube.
stainless tube : empty stainless tube (SUS316) tube.
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Fig2-2 Effect of Residence Time on Conversion

Reaction conditions: temperature, 700°C; 02/HC(mol) = 0.96;
O/C = 0.48; pressure, 1 atm.
B Qtz, A G-10, & silica tube
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Reaction temp : 700°C Cco?
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Fig. 2-3 Product Distribution in Oxidative Cracking
of n—Butane on Quartz Sand

Reaction conditions: n-butane, 2.8 cm® -min™; N, 18.7 cm®-min™ :

Oy, 2.7 cm® min™ ; 02/HC (mal) = 0.96; O/C = 0.48; W/F, 1.24 gscm™
pressure, 1 atm.

Pre-treated quartz sand (0.5 g) was loaded with untreated quartz sand.
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Table 2-2  Specific surface area of quartz sand and silica

Materials | Catalyst No. Surface area / m%g’

quartz sand (10~36mesh) Qtz (granules) < 0.1 (0.026)

quartz sand (ground) Qtz (powder) 0.461

acid washed quartz sand QtzAR30-850 <0.1 (0.029)

acid washed quartz sand QtzAR30-850 0.525
(ground) (powder)

silica glass (ground) silica glass : 0.864

(powder)




Reaction temp : 700°C (calcination temp) CO?
B acid treated ] I CO
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Fig. 2-4 Product Distribution in Oxidative Cracking
of n—Butane on Amorphous Silica

Reaction conditions: n-butane, 2.8 cm® -min™ N,, 18.7 cm® min™ ;

Oy, 2.7 cm’ min™ ; O2/HC (mol) = 0.96; O/C =0.48; W/F, 1.24g s cm™,
pressure, 1 atm.

Silica (0.5 g) was loaded with untreated quartz sand.



Table 2-3 Conversions and selectivities in n-butane cracking on amorphous silica

Catalyst Reaction temp. Butane conv. Oxygen conv. Selectivity /C-%

/C /' mol% /' mol% Olefin* COx

G-10 650 51.4 63.5 69.6 19.8
G-10AR30-750 | 650 50.7 51.3 72.3 15

G-10 700 75.2 99.4 60.8 22.7

G-10AR30-750 700 74.6 72.4 66.1 16.7

* ethylene + propylene + betenes + butadiene
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Fig. 2-5 Product Distribution in Oxidative Cracking
of n—Butane on Various Oxides
Reaction conditions: n-butane, 2.8 cm®-min™; N,, 18.7 ctn®-min™ ;

O,, 2.7 cm*min™ ; 02/HC (mol) = 0.96; O/C =0.48; W/F, 1.24 g s cm™,
pressure, 1 atm.

Oxide (0.5 g) was loaded with untreated quartz sand.
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Fig. 2-6 Product Selectivities in Oxidative Cracking
of n—Butane on Various Oxides

Reaction conditions: n-butane, 2.8 cm®-min™; N,, 18.7 cm® min™ ;

O,, 2.7 cm’min™ ; O2/HC (mol) = 0.96; O/C =0.48; W/F, 1.24 g s cm™,
pressure, 1 atm.

Oxide (0.5 g) was loaded with untreated quartz sand.
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Fig.2—7 FT-IR Spectra of Various Si0, in the O-H
Stretching Region

Pretreatment: Air stream, 550°C, 1 h and evacuated at
300°C, 30 min.
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Fig.2—8 FT-IR Spectra of Various Quartz Sand

Pretreatment: Air stream, 550°C, 1 h and evacuated at
300°C, 30 min.

Qtz: as received.

QtzAR30-750: acid washed and calcined at 750°C.
QtzAR30-850: acid washed and calcined at 850°C.
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ig. 2-9 Product Distribution in Oxidative Cracking
of n—Butane on Amorphous Silica Containing
Additional Metals

Reaction conditions: n-butane, 2.8 cm®-min™; N,, 18.7 cm® -min™;

O,, 2.7 cm® min™ ; 02/HC (mol) = 0.96; O/C =0.48: W/F, 1.24 g s cm>,

pressure, 1 atm.
Silica (0.5 g) was loaded with untreated quartz sand.
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Reaction conditions: n-butane, 2.8 cm® min™"; N,, 18.7 (21.4) cm® min™,

02, 2.7 (0.0) cm® min"'; G-10AR30-750, 0.5¢g
Numbers in parentheses: without O,
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Fig.2-14 Propylene Selectivity vs. n-Butane Conversion
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Fig.2-16 CO, Selectivity vs. n-Butane Conversion
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Fig. 2-18 Convesion and Selectivities Oxidative Cracking
of n—Butane on Silica (G10-AR30-700)

Reaction conditions: n-butane, 2.8 cm® min™ N,, 18.7 cm®-min™;

Oy, 2.7 cm®min™ ; 02/HC (mol) = 0.96; 0/C =0.48; W/F, 1.24 g s cm.™
pressure, 1 atm.
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( Detaild discriptions for Fig.3-4 )
Sampling valve
- « +Valco Co., Ltd., 2 position 14 port valve
Gas chromatograph system
+ Column—@ : Porapak—-QS, 50-80mesh, Waters, 2m
- Column —@ : Porapak-QS, 50-80mesh, Waters, 2m

- Column—@® :
« Column—@ :
- Column—@® :
- Column—®) :
« Column—@ :
- Column—@® :
- Column—©® :
+ Column—Aa0 :
- Column—@ :
« Column—@®@ :

Column —@®

Shimalite-Q (quartz tip), 100-180mesh, Shimadzu, 2m
Porapak-Q, 80-100mesh, Waters, 2m

Porapak-QS, 50-80mesh, Waters, 2m

16% PEG-1500 on Uniport B, 60~80mesh, GL Science, 3m
Molecular sieve 5A, 60~80mesh, GL Science, 3m
Shimalite-Q (quartz tip), 100-180mesh, Shimadzu, 2m

152 PEG-1500 on Uniport B, 60~80mesh, GL Science, 2m
152 PEG-1500 on Uniport B, 60~80mesh, GL Science, 2m
Shimalite-Q (quartz tip), 100-180mesh, Shimadzu, 1m

23% SP-1700 on Chromosorb PAW, 80~100mesh,

SUPELCO, 4m

: Porapak-N, 50~80mesh, Waters, 2m
- Column—@ :
» Column—@ :
Column—@9 :

Shimalite-Q (quartz tip), 100-180mesh, Shimadzu, 1m
SUPELCOWAX 10, 30m, I.D.0.2mm, d=0.2ux, SUPELCO
PETROCOL DH 50.2," 50m, I.D.0.2mm, d=0.5u,
SUPELCO

- Sampling loop @ 5004 0

- Samplong loop
- Sampling loop

50u 0
o0u @

+ GC-1 : Shimadzu GC-8A (analysis for inorganic gases and methane)
* GC-2 : Shimadzu GC-8A (analysis for C;-C, hydrocarbons )
- GC-3 : Shimadzu GC-8A (analysis for C¢, hydrocarbons )

(Gas flow Diagram on analysis)

(1) Og, Ny, CH, CO - -

(2) COZ ¢ "

(4) C3 ’\’C4 A

(56) Cs~benzene -
(6) benzene~xylenes~Cg + -

« Column @ — Column @) — Detector

+ Column @ — Column @ — Column & — Column ® — Detector
(3) Cl’\’ C2 AR

Column @ — Column @ — Column @ — Detector
Column @0 — Column @ — Column @ — Detector
+ - Column @ — Detector

- Column @ — Detector
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Fig. 3-5 Product Distribution in Cracking of
n-Butane on Various Catalysts (600C)

a) catalyst, 1 g; n-butane, 2.7 cm®* min™; N,, 5.0 cm® min™

a') catalyst, 1 g; n-butane, 2.7 cm’-min™; N,, 3.8 cm® min™ :
0O,, 1.2 cm®* min™.

b) catalyst, 1 g; n-butane, 8.2 cm® min™; N,, 19 cm® min™.

c) catalyst, 1 g; n-butane, 5.1 cm® min™; N,, 11 cm® - min™ ;
O,, 2.9 cm’ min™.
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3— 2. EEEMHZISM-5ICXB5n-T % > Ol %
3—2—-1. # = ,
i CORFORESR, ¥451 b, R THHZISM-5H THBHEWA L T
4 YWENES N2, HZSM-58IY A 541 M2 EROEBEE SR TEM, £/
WEERAYEESLE R, BMAMET ANV DONREEINTND
[6~8]., ZNEDE&BEMOMEL L TIE, BKRERICKSTL T4~
IWNROE ENHETE S, ZCTRIECENAMHOBRESELE, BRUY
V77 ) HEETHR T U 7-HZSM-51C L Bn—T7 % > ORI DWW TR
%,

3-2—-2. ERHE

(1) falEd KK

RSERON-7% > BLOZOMO T AL, SifOERFKRICEHDO DD
CREUCBDER N, HISM-5I2DWTH, T TICRREAFETERLZD
OEFER L7, HZSM-5% & 0E S8 X MEMICIIFITERO WD I
WAL RE ORI 9%, L ORFHRE, MR EIIRBREZH N,
EBRETEHZTOBAERUTORETIT /. Tabb, FIEDBOR
BOE (FERERE) 2KELRIY ) —IVIBEM LEBRICELT S b2
SBL, 0CTIREERLAE HETTAREE TSI LCLIDERA
Bz, RRLEROMET, 1200CT3MMEELZE, Iy 7IFRAT
600°C~ 4R TRB L, TDEE 5 KRR L 72 H D2 RIS HWE,
A F D AHETEMT B BAE, Tk [6~8] D AKICE DITo 72,
PITF O T, Co/ZSM-50 &SI [/} TREINTWSH OIEEEERE
%, Ag-ZSM-50 & D1 T-] TRINTNWDHDIEA & > HIETERML
EHOERYT, EFHEBRBICEL T, REMHOEA S/ FERCHT €
BHEOHEBLRERN -t TETILEL, o T I5wt%Co/ZSM-
5) &V EAITIE, REMZSM-5I2 L Towt%DCo (&BTREEH
) 2EELEBDERT, |
BREREEOESLTE, SO A0 RBICX2EMDED, BikRE
DD HEBRESERILY -OYERESICEISEE, BRTBEERNICEY R



BEBETHELTSA b (AFOTNI ) T5RATx— ) TORNBTo
oo WEBRSICAVEBSSERILMIE, Zn0 (FNIEL2R, 99.9%) ,
BRUCU-Zn-Crg & (b GRIRTAm, BEA2%, N-211B) T
BB, £z, AFOTIVI ) T4 AT z—hELTE, CoAPO-5BLUN
InAPO-5ZWTRIEZEfTo e, CNHDAFOATINI ) T A7 x—h
D& RS (9,101 IREV, RBTIVI =N, U, &&EBOME
H, BXUOTF T EELTOT IV EF— R L—THTKERGS
BB EICLo TARLE.

TV 28R Mg, Ca, Sr, Ba) TOBHIL, SiO./Al,04=200
DZSM-5D AR ISR 7 )L 1) TR R ANS & & 1c k> TERL
H0 [11] 2HWE (FRFNnMg-ZSM-5, Ca-ZSM-5, Sr-ZSM-5, Ba
~ZSM-5), BALET AU HESBIIEE T FOT LI KHLTEL
W11l (BEEME) THO, 7LD HESEESHERIZ0.4wt% (Mg-ZSM-5),
0.7wt% (Ca-ZSM-5) , 1.4wt% (Sr-ZSM-5), 2.3wt% (Ba-ZSM-5) T
Holz,

(2) RISBXOSHHIE

RSB L ERY O HERFIH OERFECEROHEERALTH
%, BEONH,-TPDANIL, BAL () 804 EETPDREEE % M
W, Xk [12] EBEOFECE S TTo 7.

3—2—3. HE-ER

(A) BEWEHBESEBIFAgIC X 5 &M R
ZSM-5®ELFF1 k (MOR) ZBOXH 51 - & BE SR TERL 7=l
TN T 4 2ORBRIGETY, DRODDODNBTHL 74 2 E2HBTVWEHD
RHESN TS, LTI DOFIERT,

g WE(ZFL) (FoELY) SMEE EBE X

Ag-MOR 42wt% 19wt2% 720C C9_C14 [6]
Co/ZSM-5 18wt% 4owt% 550C 7% [7]
Ag/ZSM-5 14wt 44wt 550C F 7% [8]



CITHE, BE®BEUTFe, Co, Ag 2HBEEAII/ A4Sz L niE
ALTEF 51 b ZSM-5FZIFENTFHI ) 2HEL, KiSEF- 7.
FISHEREFig.3-7 ITR T, Ag-ZSM-50BEIIH (6] 251z, EE
ENFH L ELAF-LEANEDN S RIEET o7, £/-, BE SR DHKEE
DEBOIZD I Fe 2B ERICHEFE L 2FICOWTHRT, BB, XEk (5] 12
o TR L ZAg-FEIL T T+ MZDWTHRI—F 27BN, F—
5@@?‘%:&:@?%@7&97‘:7‘:&5, BICITEEE L Tz,

(Fig.3-7) 1R LIIZ, Fe, Co, Ag WFNDEMTEHFREMHD
DOEHBL THFERDBANA SN, Fe EMRICHBLELEDED
EBTHO» 5L 512, BBEBOATIIBKEERY (75 >BL00T8
I2) BESERTDIEDNS, BBLBOBEIBAZETSESENE S,
EA 1 DL BRI NS OB KRBIEL AT L2BBAB IR SE DS
BUER THEBLIMEE XN B =0 I BTX DIUERD A 2 &3t X nNcTH
VI[13], Fe, Co, AglEMiZSM-5THED LD RBEENTE LB D EEZ D
ns, ‘

ZDRINBBLE TEM L /ZZSM-5TIdt L 7 ¢ JIREROEKITH LN
BINo e SR (8,13] TRRVEWT OV L INERAESN TS DI,
B 5 R ORMENIERITE Y (BEEE.2v0l%) = &b 5 EEREL
PRIV Mo EREZLLEND, ElAs—FILFTH4 % W= Sk
6] TIF VO NENF VDI, KERENT20T &8 < BAMREERIC 725
TWzZ ERHERIEI NS,

(B) BEESERALY EZSM-50 W HE & fl it

TA T4 b (HZSM-5) & T¥MAZn-Crifii 2 WERS L b 0 % ik -
UTBRGFETTNT 7 1 > OEMMEEITY, 550C T50Wt%iE < O TF
L NBEHE L TWSHE [14] 25 5, £/-04ETIE, HZSM-55Cr%
BRI OMEE YL B MERIE TR WIF L SINENE S NS Z &
MHRESNTND [15], ZOXS RO 2ERT 2725, ¥
71~ EEBRERILY OYEE ST L 2BETE T CORMMRER
AUl HREFig.3-8 12577,
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Fig. 3—-7 Product Distribution in Cracking of
n—-Butane on Fe, Co, Ag — modified HZSM-5

a) catalyst, 1 g; n-butane, 8.2 cm® min™; N,, 18.6 cm®-min™.

b) catalyst, 1 g; n-butane, 2.7 cm®-min™; N,, 5.1 cm’-min ™.

¢) catalyst, 0.3 g; n-butane, 1.6 cm®-min™; N,, 6.2 cm®-min™.

d) catalyst, 1 g; hexane, 6.0 cm® min™; N,, 11.7 cm’®-min™ ;
steam, 0.05 g-min".
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Fig. 3-8 Product Distribution in Cracking of

n—-Butane on Transition metal oxides-
HZSM-5 Hybrid Catalysts

a) catalyst, 0.5 g; n-butane, 11 cm®-min™; Ny, 86 cm® min™;
O,, 10 cm®-min™.

b) catalyst, 1 g; n-butane, 8.2 cm® min™; N,, 18.5 cm® - mip™

c) catalyst, 1 g; n-butane, 16.4 cm’ min™; N,, 14 cm® min™
O,, 4.5 cm’ min™.

d) catalyst, 1 g; n-butane, 2.3 cm®-min™; Ny, 3.8 cm® min™ :
O,, 1.2 cm® min™.

b’) catalyst, 1 g; n-butane, 8.2 cm’ min™; N,, 14 cm® min™ -
O, 4.5 cm® min™.
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B (ZnO/Mg-Z &5#) , BLONTEACU-Zn-Crisis: (HHE{r22
B, N-211B) &HZSM-5 (SiO,/Al,05=200) O¥EEAHE (CuzZnCr
/2 LR ERIWTBEGE R TORSERT -, B, WEERESIIA )

THEEHAN, FIEB O = 100 BB ES T2 2 Lk > Tfio /=,

(Fig.3-8) kDb aLdic, NEDRikEEEET 28 EBRILY
EEUBAY EHISM-5& 04 (CuZnCr/Z) T, HZSM-50%0EBE
CHB L THFERONENEL <BA LA, £/2Zn0EMg—7ZSM-5& D
AEDE (ZnO/Mg-Z) THEEENE KL,

ZnO% OB & EMALY & HZSM-5 O MRS BILE F W\ TR O 4
HTTRS T4 DHBETS &, BEEEPNRIERTS EVIBE IR
ENTW2[16]. Fig.3-8 L RLALICBEGE T TLHI NS DEER
168 EHZSM-5 D &l T3 EBRNEBICER L=, ZDL S kR n
5, BKREZET5BHSEBRELY EHISM-50MAEHETHL T 4 >
2%<B5 T EIFRCEETSH S 2 b o .

(C) IV 74 R 7 x— MEIC & B Hefl s iR

EROL S, BYSBEMZSM-5TILEB SR OBIAEREEZSM-50
EIRBEOBERRIC K D FBEERNE < ER LI, —F, BBLELSEEBTRIC
20451 FO—BTHAAYOTINI ) T4 AT — ~N4E (17,187 13,
BARRERD CANCBSSBEORMERDEb S TWVS, Z08E, B
BeRBIIEBRTFHOMP SN EBCRDRAENTVWE I 05, BESE
TOHODOHEE (FIZEBIKERE) FHNEZT 2 TRERND B, ZDZ &
M5, AFOTIVI ) T5 AT x—FOBEIE, NTT 4 2 HROBORK
ROAL 74 ETTIE O EBRIAHEINS O TRV EEL, 2
FOTINI ) T4 AT x— NTORIGERI L.

RIS CoAPO-58 & NZnAPO-5T1F5 72, CoAPO-5 Tl ERRLALET
FIBZIT 27270, ZnAPO-5TIFATHR DZnOEHZSM-5% & DEBRE D&
Gt b, BEEETFTRIGETo 2, BE$Fig.3-9 07T,
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Fig. 3-9 Product Distribution in Cracking of
n—-Butane on MeAPO Catalysts

(numbers in parentheses : Conversion)
a) catalyst, 0.3 g; n-butane, 1.6 cm®-min™; N,, 6.2 cm®-min™.
b) catalyst, 1 g;: n-butane, 2.3 cm® min™; Ny, 5.7 cm’-min™

o) catalyst, 1 g; n-butane, 2.3 cm®-min™; Ny, 3.8 cm®-min”™;
0,, 1.2 cm®+min™.
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RBREBAOIVS Z ORISR, BEOEERTFICES IR AL
CRALORIEOHE GFERILOWE) BEZ NS, EERICKTTE (2,
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BRAMETN, TFL2BIURTOEL L ETNEN20~25wt% D IR
TRHRTVWBLOVERINTNS, CHEDIENS, HEMSE (715
U4 TEM L EZSM-5Ic DN TN T A

ZZTAWRET VA ) HEHEMZSM-5RET, KEARENC 7L H ) +i8
DEBEEAND ZEICE > TEMLABDTH Y, BALETILHY 148
SRWIITE T FFOT NI AL TELN 111 TH 5., 05 Of
BERNT-T % > ONRRISE(T o iR % Fig.3-10 10557,

TN TIETES L2 BEE, HEE BIX) BLOBENRS 74>
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Fig. 3—-10 Product Distribution in Cracking of n—Butane
on Alkaline earth— modified HZSM-5

a) catalyst, 1 g; 600°C; n-butane, 8.2 cm®-min™; N,, 18.6 cm’-min™.
b) catalyst, 1 g; 650°C; n-butane, 5.5 cm® min™; N,, 11.5 ¢’ -min™ .
c) catalyst, 1 g; 650°C; n—-butane, 2.7 cm® min™; Ny, 4.9 cm®-min™.
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Fig. 3-11 Effects of Amount of Mg on Modified
HZSM-5

Reaction conditions: temperature, 650°C: catalyst, 0.5 g;
n-butane, 1.6 cm®-min™; Ny, 5.7 cm®+min™ ; steam, 28.9 cm’-min
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Fig.3-12 NH 3~ IPD spectra of alkaline earth - modified
HZSM-5

Pretreatment: He, 50 cm®min™, 773K, 1h; NHg adsorption: NHs, 4kPa, 373K

30min and evacuated at 373K, 1h; Desorption: He, 50 cm®min™, 10°C /min.
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Fig. 4-1 Product Distribution in Cracking of n-Butane
on Rare Earth - Loaded Catalysts

Reaction conditions : temperature, 660C ; n-butane,
2.8 cm’min™; Ny, 5.7 cm’min™ ; steam, 12.5 con’min™ :
S/HC (wt) =1.36 ; W/F, 2.86 g s cm™ ; pressure, 1 atm.



Table 4-1 Product Selectivities in Cracking of n-Butane on Rare Earth-lLoaded Catalysts

Catalyst HZSM-5 10%La/ZSM-5  La-P/ZSM-5  10%La/silicalite 2%P/Z5M-5

Conversion/% 97.6 97:6 93.6 6.0 24.0

Selectivity/C-%

ethylene 26.5 299 31.8 30.6 22.6
propylene 13.7 19.2 23.1 46.6 32.7
butenes 3.6 5.4 5.9 1.7 13.5
butadiene —* 01 - - 0.1
BTX 20.5 4 3.8 - 0.5
methane 12.8 14.0 11.8 16.4 11.8
ethane 17.4 18.2 18.3 3.7 17.0
propane 2.1 3.6 1.9 0.1 0.8
i-butane 0.2 0.3 0.1 0.3 —
C5+ 2.5 1.9 2.1 -- 1.0
€0 0.6 0.6 0.7 — -
Co;, 0.1 2.7 0.5 0.6 -

* ot detected
Reaction conditions : temperature, 650 C ; n-butane,2.8 em® min' ;N,, 5.7 em® min’ ;

steam,12.5 em®min; S/HC (wt) = 1.36; W/F,2.86gs cm” ; pressure, 1 atm
Sampling : after 15 min on stream



Table 4-2  Product Yields in Cracking of n-Butane on Various Rare Earth - Loaded Catalysts

Catalyst Conversion/% Yield / C-% _ B
ethylene  propylene C2~+C3° butenes BTX
HZSM-5 94.0 27.5 16.9 44.4 4.5 13.3
10%La/ZSM-5 95.9 29.6 20.2 49.8 4.6 6.4
10%Ce/ZSM-5 96.1 31.2 19.9 51.1 4.4 7.1
10%Pr/ZSM-5 96.5 31.5 20.5 52.0 4.4 5.2
10%Sm/ZSM-5 97.2 31.5 19.7 51.2 4.1 6.6

Reaction conditions : temperature, 650°C ; n-butane, 2.8 cm® min™" ; N,, 12.2 cm? min™ ;

steam, 5.9 cm® min”" ; S/HC (wt) = 0.64 ; W/F, 1.45gscm’ ; pressure, 1 atm
Sampling : after 45 min on stream
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Fig. 4-2 Reaction of n-Butane on HZSM-5 (%), 10%La/
ZSM-5 (A), 10%La-2%P/ZSM-5 (@), 2%P/ZSM-5
() and 10%La/ZSM-5 [S/HC = 5.5] (O)

Reaction conditions are the same as those in Fig. 4-1
exept for 10%La/ZSM-5 [S/HC =5.5].
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Fig. 4-3 Effect of La Loading on Conversion and Product
Selectivities

Reaction conditions ;: temperature, 650C ; n-butane,
2.8 cm’min™ ; Ny, 12.2 cm’min™ ; steam, 5.4 cm’min” ;
S/HC (wt) =0.6 : W/F, 1.5 g s cm™ ; pressure, 1 atm.
Sampling : after 45 min on stream.
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Fig.4-4 NH,-TPD Spectra of Rare Earth and Phosphorus—
LLoaded HZSM-5

Amount of loading : rare earth, 10wt%; phosphorus, 2wt%
Pretreatment: He 50 cm? min!, 500°C, 1 h

NH, adsorption : NH3 30 torr, 100°C, 30 min, and evacuated at
100°C, 1 h.
Desorption : He 50 cm3 min™!, 10°C/min.



lLa loaded
La-P loaded

Arbitrary unit

= 1 ! L

0O 100 200 300 400 500 600

Temperature / °C

Fig. 4-5 NHq-TPD Spectra of Rare Earth and Phosphorous -
Loaded HZSM-5

Amount of loading : La, 10wt% ; P, 2wt%

Pretreatment, NHjadsorption and Desorption conditions
are the same as those in Fig. 5.
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Fig. 46 CO,~TPD Spectra of Rare Earth - Loaded HZSM-5

Pretreatment : He 50 cm®min™, 700C, 1h

CO; adsorption : CO, 30 torr, 30C, 30 min, and
evacuatedat 30C K, 1 h

Desorption : He 50 cm®min™, 10°C /min
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Fig. 4-7 Effect of La Loading on Product Selectivity and
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353 K)

Reaction conditions are the same as those in Fig. 4-3.
CO,-TPD experimental conditions are the same as
those in Fig. 6.
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Fig. 4-8 Xyléne Isomer Distribution by Cracking of n—-Butane
over Various ZSM-5 Catalysts

Reaction conditions are the same as those in Fig. 4-3.
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Reaction conditions are the same as those in Fig. 4-3.
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Fig. 4-10 Effects of Steam / Hydrocarbon Ratio (S/ HC) on
BTX Selectivities over La - Loaded HZSM-5 Catalysts
(Amount of loading : 10wt%)

S/HC = 0.6 (pre) : presteamed at 650C, 1h (N, , 12.2
cm’min” ; steam 5.4 cm’min™ ) before reaction
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H,O desorption : He 50 cm’min™, 10C/min
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(b) with rare earth- modification

Fig. 4-14 Cracking of n-butane over zeolites
(@) zeolite without modification
(b) zeolite with rare earth— modification
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Table 5-1  Properties of Cétalysts

Catalyst | mesh surface area
/mfg’
quartz sand 10~36 <0.1
HZSM-5 * 10~36 403
10%l.a/ZSM-5 10~36 355
.1 0%Mg/ZSM-5 1 O~36‘ 339
* Si/Al, =200
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Table 5-2  GC Area Intensities of Injection and Desorption Pulse of Propylene

Catalyst HZSM-5 : 10%La/ZSM-5
Temp,/ K Totalarea Desorption/Injection Total area Desorption/injection
3.04 %10 °® (Injection Pulse) 3.16x10° (Injection Pulse)
623 4.32>(105 14.2% 2.06><'I06 | 65.2%
573 595x10°  19.6% 1.71x10°  54.1%
523 3.55X105 11.7 % _ 1.18)(106 37.3%

—113—



TclK 1, BaE#HEAHT mol'1&T % & RFAER D LD & &V 5T
% [2].

log VR = a — AH/ (2.303 RTc ) (4)
(2.303 = 1/ (log;p€ ) )

RIZGARESR (8.314 Umol" K™ ], aldE&&ThH 5,

REFEVRIZARIC L > TERMICRD 2 2 &0 Tx 3,

VR=(tr—td) F (Tc/ Tr) (5)

ST o3 ETOBmBE WXIETFL ) OREER min] TH
D, 1dBT 5> TORMRE (SELE SR TR O RS T O R
ff) [min] TH 2, £ZFEFv Y 7—HAOFE [em® min™], Tdi/\UI/
AR - BEHIER ORE N 5 ARE K], THIF v U7 —H A e e
U7zl DWRE (=298K) TH 3,

COXDRXL TR B LERFERVRN S, MEEEDS - OHERAR
B1llcm’g™] %&Uﬁﬂﬁ%iﬁﬁﬁ%t@ DURFEREL2 [cm® m™ 2R
WEhEHTE?3,

81 = VR Wt (6)
B2 =VrR/S (7)
S=s X Wt (8)

CCOT, WHIdAIKER [g], SIIMMERmME [(m2], s idmitokks
HfE (m2g”] Th 5,

CNSORZEANT, THYCBIURIFLO/NVARE - BEEF—5 %
fRATL 72§l ZFig. 5-2 B X UFig. 5-3 IRT, Fig. 5-2 O 70w O
ENOWMERERD B ZENTES, B, SEOERIITEE OBEE
0.004~0.01% DHE TIT 5 72745, WEBEIE£0.004~0.02% ORI TLA =
TTHIMDREDFE L THNIEV M T8I 52 &, Thbb5W
APERATEORETHS MR L. BEEE TSR @) ONE
FERDRES, BELRPTW @A EN) SEIESHENES (5
REBDREL) 20, MlEH-0 0LRHEE (82) ERELZBITT
Th 5,

—114—



RETENTION YOLUME,¥ R ,“cm?

1000

100

o
T

-‘ Il [ 1 | - .

1 2 3 4
1/Tc X1000 /K™
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Fig. 5-4 Temperature Dependence of Specific Retention
Volume B2 of Ethylene on Various ZSM-5 Catalysts
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Fig. 5-8 Temperature Dependence of Specific Retention
Volume B2 on HZSM-5

—124—



RETENTION WOLUME, &2 x 100, cm® m™®

100 ¢
- é\ a ethane
_ Y o ethylene
R E.‘:'\\
1 O : “".."'u.A\\‘\
C NN
! A,
I ‘E"‘n .\MA\\.
S A
1k . ‘
0-1 ) 1 ' I} 1 1
300 400 500 600

TEMPERATURE /K

Fig. 5-9 Temperature Dependence of Specific Retention
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Table 5-3 Heat of Adsorption of Ethylene and Ethane
on Various ZSM-5 Catalysts '

Heat of Adsorption /kJ mol '

Zeolites ethylene ethane reference
HZSM-5 24.0 26.8 this work
10%Mg/ZSM-5 31.8 30.9 this work
10%La/ZSM-5 28.9 26.6 this work
HZSM-5 : 28.0 33.7 2
Na-ZSM-5 30.0 34.0 2
HZSM-8 26.5 34.6 2
Na-ZSM-8 26.6 35.8 2
silicalite 28.3 26.5 2
ALPO-5 18.7 22.6 2
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Catalyst: ZSM-5(200), 2.5 mg (conversion, 1~2 %).
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—134—

ethylene

ethane

O

2 4 6
Time on stream / min

butene

butadiene

] O 1 O 1
O O

2 4 6
Time on stream ,/ min

Distributions of products in cracking of n-butane

O
A\




30 - 30
s po | S ,e |
™ propylene ‘E!i ethylene
= 20 - 20
— =] imrmrmrmimimim i o|_..
> 15 = 15 L @ A
T methane par TR
a 10 A o 10 ethane
m B @
w5t o 5 F
O 1 ! 1 ] O 1 1 1 1
O 2 4 6 8 10 0 2 4 6 8 10
Conversion /% Conversion /%
30 60
B 25 | g2 50 |
N .
= 20 = 40 X butene
95 | S g | e o
@ 10 | o 20 }F
T propane -
s 5k o 10 butadiene
o
0 7‘5“‘1‘ “““““ I e oo 1 O o—.L 1 Io) I
0 2 4 6 8 10 0 2 4 6 8 10
Conversion /% Conversion /%

Fig. 6-2 Distributions of products in cracking of n-butane

catalyzed by HZSM-5.

Catalyst: HZSM-5(69), 1.5 mg (conversion, 6.1%) ;
HZSM-5(200), 2.5 mg (conversion, 1.2%).
Reaction conditions: temperature, 600°C ; n-butane, 0.5 cm’min’” ;

He, 8 cm’min™ ; N,, 2 co’min”.
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Conversion
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o
@ utene
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p}
propylene ropylene
20 I ethylene
ethylene
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COo2
CO
C5+
C4H10
C3H8
C2H6
CH4
BTX
C4H6
C4H8

Fig.6-4 Distributions of Products in Cracking
of n—-Butane Catalyzed by Various HZSM-5

Catalysts

Reaction conditions: temperature, 600°C; catalyst, 1.5mg; n-butane, 0.5 cm’min” ;
He, 82 cm’min’ ; N, 2.1 cm’min” (HZSM-5(69)); temperature, 650°C; catalysts,

1.0g ; n-butane, 2.8 cm’min” ; N, 5.7 cm’min” , steam, 12.5 cm’min® (HZSM-

5(200) & 10%La/ZSM-5) .
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Fig. 6-5 Distributions of products in cracking of n-butane
catalyzed by Co-ZSM-S5.
Catalyst: Co-ZSM-5, 2.0 mg (conversion, 5~6 %).
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Catalyst: 5%Co/ZSM-5, 1.9 mg (conversion, ca. 20 %).

—140—

ethylene

~
.
'~

ethane
el

2 4 6
Time on stream ,/ min

‘
o

K butene

butadiene

.

1] 1 1

2 4 6

Time on stream ,/ min

Fig. 6-6 Distributions of products in cracking of n-butane




- = NN W
o v O »nn O U1 O

Selectivity /%

30
25
20
15
10

Selectivity /%

R o S, O....

propylene

- .--ﬁ ..... A .
methane

1 1 1

0 2 4 6

Time on stream ./ min

_ propane
PR 2N A .

0 2 4 6

Time on stream / min

Selectivity /%

Selectivity /%

- = NN W
O v O v © »n O

30
25
20
15
10

ethane

O

2 4 )
Time on stream ,/ min

..... .

butene

butadiene
A |

2 4 6
Time on stream / min

Fig. 6-7 Distributions of products in cracking of n-butane
catalyzed by La-ZSM-5.
Catalyst: La-ZSM-5, 2.1 mg (conversion, 2~3 %).
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Fig. 6-9 Distributions of products in cracking of n-butane
catalyzed by Co-ZSM-5 and 5%Co/ZSM-5
large marker, Co ZSM-5; small marker, 5%Co/ZSM-5
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Reaction Temp. : 580°C
40 L
g 30+ butadiene
B
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Fig. 7-1 Dastributions of Products in Dehydrogenation of
n-Butane Catalyzed by Pt-Sn/Ca-ZnAlLO,

Reaction conditions : temperature, 580°C ; catalyst, 0.5g ;
n-butane, 26 kPa ; steam, 55 kPa ; N,, balance; total flow rate, 10.8
cm’ min” (entry A); n-butane, 13 kPa ; H,, 51 kPa; steam, 27 kPa;
N,, balance; total flow rate, 21.8 cm’ min™ (entry B).

—151—



Table 7-2  Yields of Products in Dehydrogenation-cracking of n-Butane

Entry 12 2" 32
Catalyst 10%l.a/Z5M-5 Pt-Sn/Ca-ZnAl,0, 10%l.a/ZSM-5
+ 10%Pr/ZSM-5
Reactant n-butane n-butane 1-butene 30vol%
. <+ n-butane 70vol%
Conversion (%) 96.4 98.0 —€
Yield (%)
ethylene 29.9. 35.9 34.0
propylene 19.7 21.7 21.4
butene 4.5 4.0 4.5
butadiene 0.1 0.1 0.1
BTX 6.8 7.5 7.4
methane 12.9 10.4 11.4
ethane 16.6 9.3 12.3
propane 2.8 3.2 2.6
i-butane 0.2 0.4 0.2
Cs, 1.0 0.7 0.8
€O 0.4 2.0 0.5
€O, 1.5 2.8 2.4
=+ 49.6 57.6 55.4

2 Catalyst, 0.5g; temperature, 650°C; reactant, 26 kPa; steam, 55 kPa;

N,, balance; total flow rate, 10.8 cm® min™.

b Catalyst, 3g (Pt-Sn/Ca-ZnAl,0,), 0.5g (10%Pr/ZSM-5); temperature, 580°C
(Pt-Sn/Ca-ZnAL0,), 650°C(10%Pr/ZSM-5); reactant, 22 kPa ; steam, 46 kPa;

Hz, 16 kPa; N,, balance; total flow rate, 12.9 cm® min.

© not calculated .
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Table 7-3 Composition of naphtha (light naphtha)

conp MW wt% wt% MW mol% MWXmol%

BZ 78.11 133 0.01703 142 110.98
TOL 92.14- 12  0.01302 1.09 100.13
EB 106.17 024 0.00226 6.19 20.03
PM-X 106.17 05 0.00471 0.39 41.72

O-X 106.17 - 0.19 0.00179 0.15 15.85
C9+A  120.19 0.16 0.00133 0.11 13.35
1-C4p 5812 037 0.00637 0.53 30.87

n-C4P 5812 227 0.03906 326 189.42
1-C5P 72.15 12.85 017810 14.86 107227
a-C5P 7215 1702 023590 1968 1420.24
1-C6P 86.18 18.17 021084 1759 1516.21
n-C6P  86.18 14.13 016396 13.68 1179.09
1-C7P 10021 741 0.07394  6.17 618.33
n-C7P 10021 487 004860 4.06 406.38
1-C8P 11423 245 0.02145 1.79 204 .44
n-C8P 11423 147 001287 1.07 122.66
i-C9P 12826 0.66 0.00515 = 043 55.07
n-C9P 12826 048 0.00374 0.31 40.05
1-C10P 14228 007 000049 0.04 5.84
n-C10P 14228 004 000028 0.02 3.34

C5N 7013 122 0.01740 1.45 101.80
CeN 84.16 667 0.07925 6.61 556.58
C/IN 98.19 451 0.04593 3.83 376.34

C8N 11221 117 0.01043 0.87 97.63
CON 12624 035 000277 023 2921
CION 14026 0.06 0.00043 0.04 5.01
C3- 441 0.02 0.00045 0.04 1.67
Ci10+ 14228 012 000084 0.07 10.01

TOTAL 8345 100 1.19839 100 8344.55

- P: parafin, N: naphthene (cyclic alkanes),
A: aromatics i
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Fig.7-2 Product Distributions in Cracking on 10%La/ZSM-5

a) n-butane, 0.44g-h™; N, 2.1 cm® min™; Ho, 11 cm®-min™ ;
steam, 5.9 cm®-min™ ; S/0, 0.64.

b) n-hexane, 0.42g-h™; N9, 2.1 cm’ min™; Hy, 11 cm®-min™ ;
steam, 5.9 cm®-min™ ; S/0, 0.67.

b’) n-hexane, 0.42g-h™; Ny, 2.1 cm®min™ ; H,, 11 cm® min™ ;
steam, 9.7 cm®-min™ ; S/O, 1.0.

¢) naphtha, 0.53g-h™; Ny, 2.1 cm® min™; H,, 11 ¢cm®-min™ ;
steam, 9.7 cm®-min™ ; S/0, 0.88.
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Fig.7-3 Gas Chromatograph Profiles of Naphtha
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