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Fig. 1 Scanning Electron Micrographs of (a) Fe;O, and (b) Fe;O,/ZSM-5 Catalyst
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Fig. 2 X-Ray Powder Diffraction Patterns of (a) Fe,O,, (b) Fe,O,/ZSM-5 Catalyst, (c) Fe,O, and

(d) ZSM-5
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Fig. 3 X-Ray Photoelectron Spectra of Fe,O,/ ZSM-5
Catalyst (a) Before and (b) After Grinding in a
Ball Mill
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Table 1 Conversion of Synthesis Gas over Various Metal/Zeolite Catalysts®)
cO Distribution of Hydrocarbon Produced (C-%,)
Catalyst Conv.

(%) CH, C.H, C.Hg ~ C3H, CsHy CiHg CHy, GCsHyy  GsHy, Ce* or C
1 FeyOy/ZSM-5P) 8.6 18.2 3.7 8.1 9.0 1.7 8.0 2.8 5.2 6.2 37.1
2 a-Fe;0,/ZSM-5 15.0 11.1 4.2 6.0 8.6 1:5 10.2 1.9 4.8 5.3 46.4
3  a-FeO(OH)/ZSM-5 43.4 15.0 3.7 5.5 10.7 2,2 5.4 1.7 2.9 4.4 48.5
4 FegO,/Silicalite® 25.3 9.7 4.7 3.0 8.0 0.3 6.9 1.3 5.5 1.8 58.8
5  FeyOy/Silicalited) 27.1 11.7 5.9 3.9 8.2 0.3 7.1 | 5.0 4, 1 52.5
6  Fe;O,/Silicalite®) 33.4 14.2 5.2 5.4 8.9 0.5 7.2 1.6 6.6 4.1 46.3
7 FeyO4/Fe-Silicalite 36.0 12.4 3.1 5.3 10.0 2.7 8.5 1.6 12.1 6.8 37.5
8 Fe;Oy 34.8 12.8 3.9 4.8 8.3 0.5 5.7 1.4 4.3 2.3 56.0
9 FeyO4+H-ZSM-5 7.6 32.3 1.2 14.8 0 9.5 0 15.9 2.3 9.0 15.0
10 FeyO4+ Silicate 9.3 28.9 6.6 13.8 9.5 6.9 8.0 0.0 0 3.6 22.7

% Reaction conditions : P=10 kg/cm?, T=300°C, SV=2,000h-1 (Nos. 8—10, SV= 10,000 h-1), CO/H,=1

b Prepared by using n-C4HyOH instead of (n-C3H,),NBr

®  FesO,/Silicalite=0.33
4 FeyO,/Silicalite=0.44
e)  Fe;O,/Silicalite=1.33

Table 2 Preparation of Various Zeolite-based Iron
Catalysts®)
Atomic Ratios | Atomic Ratios| BET
Cat. Source Mixtureb of Product | Surface
No. of Fe Area
Si/Fe Si/M® |Si/Fe Si/M®| (m?/g)

1 25 56 351
2 |15 34

3 | 7.5 20

4 Fe(NOys|(25  25(Mg) | 58 58

5 25  10(Ca) | 52 19

6 25  10(Sr) | 78 21 353
7 25 10(Ba) | 54 14

8 25 60

9 15 32 361
10 75D 18 352
11 q 3.5 9

12 FeSO, 7.5 150(Mg) | 18 180 | 361
13 7.5 150(Ca) 19 210 354
14 7.5 150(Sr) | 25 244 352
15 7.5 150(Ba) | 19 183 356

o

Crystallization was carried out in a 300 m/ stainless
steel autoclave at 150~160°C for 20~40 h.
OH-/S8i0,=0.2, H,0/Si0,=40, (n-C;H;) ,NBr/
Si0,=0.10

¢ An alkaline earth metal acetate

g
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Fig. 4 X-Ray Powder Diffraction Pattern and Scanning
Electron Micrograph of Typical Zeolite- based
Iron Catalyst
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Conversion of Synthesis Gas over Zeolite-based Iron Catalysts Prepared
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Fig. 6 Spacing d(084) of Various Catalysts

BEEEAE LRV EERT, ThbDORERLY, Fe(ll)
F L Fe(l) {LAH L H AR L X 2EEDO 2L, fil
WFB KBMER) OBETEF T A rPEH LI THEE
TAHSBEOERT LB LD LR LI

DSER, ERBHCO T HTHhB, Cs WO TFDOER
RILKFE (C—Cy) BRRBoOBFCHLTAx Y, (=F 1V
+7ary) (C=+GCs=) IV (=Frvv+=sv+7m
Ly + 7riy) (C—Cy) BIRKXHE 7w, b Lic EREY
Fig. 5-(b) i&r¥, Fe(ll) L& X v AEL 7= gl A~
Fe(I) k&% & v AL D K5 OBIRKIZE\ET
HHH, ThZhEREBSERECES, Thbb, (G-
Cy) BIRROBWEEEE (C=4GCs=) BREIF L, =D
e, B4 OBBIKHEBSCE L TRER— DALY -+
Z—VEEBELTWBHZ Ehbhb, COKREXO2EDISICH
TEEL2 TS, BEACIZEA S 1 P IR SH S5 C~Cs B
NEFELTERTAE®RSEECH S PARRCHDEEL
T G By REBLEL) RERT HEMLD 281D
Bo TO2/HEDEMBMOKRIZIEA T4 M ERCHLZA TN

BlF &k

50
40
g g
L Sr
= 3} 13Ca
X one > B2
g €D
2 ()8
] mem
P nal¥y
"5 Sr
II:;N ®
=~ Ca
" fiol
F none
1 1 1 1
0 20 40 60 80 100

(C]-CS) Select. (C-%)

O : prepared from Fe(III) compound

[ : prepared from Fe(II) compound
Reaction conditions : P=10 kg/cm?, T=420°C,
SV=1,000 h-1, CO/H,=1

Arabic number denotes Cat. No. in Table 2.

Fig. 7 Effect of Alkaline Earth Metals on (C3+GC3)
Selectivity over Zeolite-based Iron Catalysts
Prepared from Fe(II) and Fe(III) Compounds
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CO BALRKIZK 9% Thotee 2BHTD 227 -1 DR{L
KFE~DE LKL, H-ZSM-5(Si/Al=120) T3 340°C, H-
ZSM-5(Si/Al1=395) T 440°C, Mg-H-ZSM-5 ¢ 360°
C, Ca-H-ZSM-5 i3 370°C, Sr-H-ZSM-5 1 400°C,
Ba-H-ZSM-5 i3 480°C Ll EcrhFrh 100% Th ot
(Co—Cy) BRKICFNITEKRERE I h o teh’, Co~Cy B
DHRDOFAVT 4 vERTT 4 ORI 2BBEOBBRICIY
ELL R, BFEDO H-ZSM-5 BIEiCix + v 7 4 VIZER
Lichotc, LrL, 7Ah ) +HEESETHEBEIL - H-ZSM-5
B cix A v 7 4 v IR ERL, (Co=+Cs=) BIRF L Mg-
H-ZSM-5< Ca-H-ZSM-5< Sr-H-ZSM-5< Ba-H-ZSM-5 »
IR LTce 7, ZhBDRMERTIT A & v FIREKIL 10%
UTFEDIhot, 2O 2BEOKERIX, €454 Lo
FU7 4 VOKEIETL WD LRIV DAFENT
AH ) EEEBEMC I Y WFINDEERLTVB, 0
A+ 54 B KFLREEEOWTIL REFTEL L X3,
Fig. 13 X REM LMY Ao &0 (Co= +Cy=) SEIRE
DENKERE R T, RISENDETE &b (Co= +Ca=) 5E
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O : Mg-H-ZSM-5(Si/Al=94, Mg/Al=1.30) @ : Ba-H-ZSM-5(Si/Al=90, Ba/Al=1.35)
Fig. 12 Conversion of Synthesis Gas to Light Olefins in a Two-stage System Utilizing H-ZSM-5 Type Zeolite

Catalysts Modified with Alkaline Earth Metals

\°Sr-Ca H-ZSM-5

o\

. 60k

(€;+C3) Select. (C-%)
8

20

\.~
— 1 1 >

0 10 20 30 40

Press. of the second reactor (kg/cmz)
Temp. of the second reactor=>560°C
Fig. 13 Pressure Dependence of (C5 +C3) Selectivity
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Fig. 14 Relationship between Maximum (C3+C3)
Selectivity and Amount of Desorbed NH,
above 350°C of Various Zeolite Catalysts
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Table 5 Conversion of Synthesis Gas over Various Zn-Cr/Zeolite Catalysts®)

3 Cy™) BRFIZHEHMTHA Lizo (Co—Co) BRK 12 KIGED
c'a"ﬁ B UdIZ AT 528 RIGHE 10 kg/em? Bl _E Tl
§§ EEEn s T B LR Lic, Fhe, REHO K EVHRIEAFE (Co¥)
3 |SsSSS S DERFL (Co—Cy) BIRK LW OMEA AR LI, —%, Ca-
+E H-ZSM-5 it F\ 1A B TIE, (Com +Co™) BRI
) ALK ORI BT 5 & D, H-ZSM-5 il
o BGOR—BLROMEL # 5% oot ¥z, (C—Cy) ¥
5 z22598z L0 Cor BN D H-ZSM-5 MitoBa & Rich, Thz
g |7 ee® NEICRHA S L O L7, Fig. 15-(b) iz (C,—Cy)
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ol A HARB TR X BT > T Bo LEDKRND, 747 )
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§ R Com) BIRENFEIETHC EpBOIE 5T, SO &3,
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3| g A KT €454 M E T AT IR TWB T ERFEL
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I Bl 7536, H-ZSM-5 B 7= M AR & Ca-H-ZSM-5
g e |veTee B R B A AR & DR OEIE, YA T A b RO A
£ V74 VEARE (TAFMER L BRATRILLEY) LAE
leoenn {LEEDEIC X > THD L 5 IHBITE 5, H-ZSM-5 B0
ST TR &, KIGE 10kg/cm? LT TR AKRILESEARE & b A
= NS WD RIGEDOHIMCEVER LIc=F vy, Tr iy
sl2gzrae YREALPTCRY, ToMR (G-C) ERKRIMPL
- Cor BRI L Jco BUGHE 10 kg/em? Ll ECiriync kR
= {LEEMEBREL D KE LB icd=F LY, Tr L VITAE
%3 “«~o =0 fLxheF <7D, (Co—Co BRRIMIML, Co* BIRKR
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i d DN TR EA A KT X b HREC A e, KIE
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— § HAMBETHER S v 7 4 VORRKIIENOD 1 BTEK
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_ . b FRFCIRD LT L E 5 b B RO B R ot 2O
=15 X i, €A A MO 2 5 - AEEESEE TR B
°lg |ttt % - IDBRTA 5 —LEBHEOD D 4 5 7 — AARAE A
N - RELVC ERRLTV B, S0 X5 BN D, KIGHRHT
28] 2o *g% © 7 A= ABEBRLTOD EELDRT DA 7 ARG
2l sk R I E o WA X BERA L7 4 v O 1 RAREETRE L
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Metals

Desorbed NH; of Various Catalysts

Fi2&5% Sekiyu Gakkaishi, Vol. 29, No. 4, 1986



277

Table 6 Conversion of Synthesis Gas over Various Isosynthesis Catalyst/Zeolite Catalysts®)

. . o
Catalyst CO Conv. E. Conv. Product Selectivity (C-%)

(5ml/5ml) (%) (%) (Ca=+Cs=)  (Gp=Cy) (C4~Cs) BTX  Cgtor C
1 CeO, 10.3 5.9 29.8 3.5 12.0 28.8 0 29.4
2 ZrO, 16.0 9.3 8.2 12.5 18.2 32.3 0 41.3
3 ZrO,/H-ZSM-5Y 21.6 13.1 13.9 2.9 36.5 22.9 4.6 22.1
4 ZrO,/Ca-H-ZSM-59 21.3 12.8 12.9 7.3 27.1 29.5 2.8 27.7
5 ThO,/Ca-H-ZSM-5% 9.4 5.5 10.3 11.2 32.0 26.3 4.4 27.0
6 CeO,/Ca-H-ZSM-59 11.6 6.6 22.0 10.8 29.0 30.5 3.2 15.3
7 ZrO,/Ba-H-ZSM-59 19.1 11.6 13.9 11.0 25.5 26.2 2.0 32.4
8 ZrO,/Ba-Ca-H-ZSM-5¢) 19.3 11.2 5.2 23.2 31.4 23.8 2.3 37.3

8)  Reaction conditions : P=40 kg/cm?, T=480°C, SV=2,000h-1

v Si/Al=119

©  Si/Al=117, Ca/Al=1.63

@ Si/Al=90, Ba/Al=1.35

e Si/Al=90, Ca/Al=1.22, Ba/Al=8.77
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Conversion (%)

Reaction conditions :
h-1, CsHy/H,=3/97
@ : H-ZSM-5 (480°C), O : H-ZSM-5
(573°C), A : H-ZSM-34 (480°C), A
H-Y (480°C), W : H-M (480°C), [] : H-M
(573°C), 0 : Si0,-AlLL,O; (573°C), @ :
H-ZSM-5 (573°C) (C¢Hgy/He=3/97)

Fig. 18 Effect of SiO,/Al;O, Ratio on Hydrocracking
of Benzene over Various Zeolite Catalysts

P =40 kg/cm?, SV=5,000

7 4 VIKEILRER T I, FofEE %Y Figs. 16 & 17
WCRT oM inds, HEOD KFx BRuicA vz 4 vEBO
RIGKERS 6feTURT. £BFRDO A v 74 vE 57 4 v
DEGIIMERC LD ELL By, Fv7,vo i,
H-ZSM-5~Mg-H-ZSM-5< Ca-H-ZSM-5< Sr-H-ZSM-5<
Ba-H-ZSM-5 DJEi#in Lz, A+ v 7 4 vEHICH~NTH v
7 4 V-KERTROTR O BEC RS WCTLHE RO ERILE
DT, FEEEBCHE S KRBT L5457 4 vAERK
DFREMITED T ThHODRERIE, €454 D
BEETHV7 4 vOKBREVET LTS L, BIVZD
KFLEH 7 v ) LHESBRBHMIC L Y MH I B & RRL
T\ 5,

¥, ZOKFEEZEF T 4 b AR E T h 5 Rl o
e EdELLRBN, UTOEBER S - OREEMITIA ¢
WweBbhb, Fig. 18 i3, £ELA 51 MR X B2y
XY DRI BORBERER TP KR MERIA V¥
* 54 RO R X O Si0,/ALO; ik K& S HKIFE L7
H-ZSM-5 fhiftiz @\ 2 g 2R Lichd, Si0,/AlLO; o

AMFREE

Table 7 Characteristics of Various Catalysts

SiO,/Al,O; BET Surface Amount of Fe
Catalyst }{atic.2 : Area (m2/g) (wt%)
H-ZSM-5 240 342 0.0065
H-ZSM-5 150 357 0.0057
H-ZSM-5 70 340 0.0093
H-ZSM-5 40 331 0.0063
H-ZSM-5 30 328 0.0033
H-M 20 331 0.0209
H-Y 5.2 453
H-ZSM-34 10 334
Si0,-AlLO, 32 518
50
0O: (c,Cy)
T em: ()
3 30 | o
S /D/g’
2 owft -
& apf%;
0 | /
0 - n——n—N-
250 300 350 400 450

Temp. (°C)

Reaction conditions
h-1, CO/H,=1

O @ : the catalyst prepared from an Fe
(IT) compound (Fe=2.18 wt%,)

[J M : the protonated catalyst prepared
from Fe(II) and Al compounds(Fe=0.815
wt%, Si/Al=20)

Results of CO Hydrogenation over Zeolite-
based Iron Catalysts

: P=10kg/cm?, SV=1,000

Fig. 19

#nTicbhb Al FREOBA L LI BRI B LI, &
H-ZSM-5 fhiftric & 5 Ry D gk 813 Table 7 iIZ;RL
fokkh 0.0l wty ThHhH KERZEX R ol Lo,
Z D Si0,/ALOs st 5 ik RoBAN, H-ZSM-5
IEOBBOBADILDTHAH I LIXBALNLTHY, DOz &
bbb H-ZSM-5 o m ECTRIED #ITLTWB T EA
b b,

¥, Fig. 19 i3, Fe(ll) {L&%HB X Fe(ll) & Al
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L& & hRAMLIgkEHF ZSM-5 Bifig s fv. T CO-H, X
BT - R ERT . Fe(ll) {LAHDHR LD FBL ofl
WCIREREA V7 4 VIBAITH - 720y, Fe(ll) & Al {b
AWML AL AHEBE T 57 4 VIBRITH - 1
DEDKRID, €454 +AESRKKRLEELZBEL TS0
NELMTIR 0T, SO EIEEA T A M AV S ER Y
ADLOEFA VT 4 VERTREF S A O KFEiExR
THERBLCHMERMAZ T ELRbRVWI EEZRL T
B,

fods, €A S A D KFLEER RS 5 R, Mina-
chev 5293 108 Anthony B3N Lo Th EIN TV 5,
PEzhoofRE, BEEEE LEERMERE T rY 27
P [y—vvit¥] ORBRETHSL L %ET,
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Synthesis of Light Olefins from Synthesis Gas Utilizing Zeolite
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Selective synthesis of light olefins (ethylene, propylene)
from synthesis gas was studied utilizing various zeolite-
based catalysts. (1) New metal/zeolite catalyst : The
catalyst was synthesized hydrothermally from zeolite and
Fe(II or IIT) compounds such as Fe;Oy4, Fe,O3, FeOOH.
Figure 1 shows scanning electron micrographs of Fe,O,
and the Fe,O,/ZSM-5 catalyst. No Fe,O, particle was
observed in the latter. Figure 2(b) shows an X-ray
diffraction diagram of this catalyst. The reflections of
ZSM-5 and Fe,O; were observed. Appearance of the
diffraction peaks in Fe,O, are attributed to oxidation of

Bl &

Fe,O, in this catalyst by calcination in air.
illustrates X-ray photoelectron spectra of the catalyst
before and after grinding. The catalyst before grinding
By grinding the catalyst,

Figure 3

had very weak peaks of iron.
these peaks became very strong, while the silicon peaks
did not substantially change. From these results, it is
concluded that the Fe,O,/ZSM-5 catalyst thus obtained
has a unique texture in which Fe,O, particles are en-
veloped with ZSM-5 zeolite.
of synthesis gas over various metal/zeolite catalysts are
(2) Zeolite-based iron -catalyst

The results of conversion

given in Table 1.
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The catalyst was prepared using FeSO, and Fe(NO;); as
a source of iron in the same method described above.
The synthetic zeolite-based iron catalyst had a well
defined crystalline ZSM-5 structure (Fig. 4). Figure 5
shows the results of conversion of synthesis gas over the
catalysts. The catalysts prepared from an Fe(II) com-
pound were more active than those prepared from an
Fe(III) compound. The (C,H,+ C;H,) selectivity of the
former was lower than that of the latter. In order to
elucidate these differences involving the activity and the
selectivity, X-ray diffraction patterns of various catalysts
In the case of the catalysts
prepared from the Fe(III) compound, the d(084)-spacing
sharply increased with the Fe/Si atomic ratio. On the
other hand, in the case of the catalysts prepared from the
Fe(II) compound, the spacing remained unchanged.
This suggests that only Fe(III) can replace a portion
of the silicon atoms in the crystal lattice and that Fe(II)
is present in enveloped form with the zeolite. The
differences of both the catalytic activity and the product
selectivity may be attributed to the amount of iron which
(3) Zeolite-
based iron catalyst promoted with various transition
metals : Figure 8 shows the results of conversion of
synthesis gas over variously promoted zeolite-based iron
catalysts (Fe-M-zeolite catalyst, M : promoter). The
(C.H,+ C,H,) selectivity increased over the catalyst
promoted with Ti, Mn and Zr, with Ti being the most
effective. Figure 9 illustrates the influence of the second
promoter on CO conversion and the selectivity. Addition
of V, Mn and Zr to the Fe-Ti-zeolite catalyst increased
the (C,H,+ C;H) selectivity. The high (C,H,+ C,Hy)
selectivity was obtained on the catalyst of Fe : Ti : V
(Mn)=1 :1 :1 (Tables 3 and 4). (4) Composite catalyst
composed of methanol synthesis catalyst and zeolite
catalyst : Conversion of synthesis gas to light olefins was
The C,

were measured (Fig. 6).

does not replace a portion of silicon atoms.

carried out in a two-stage system (Fig. 12).
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and C; hydrocarbons produced over H-ZSM-5 catalyst
By modifying H-ZSM-5 catalyst
with alkaline earth metals, the (C,H,+ C;Hg) selectivity
increased in the order : Mg-H-ZSM-5< Ca-H-ZSM-5 <
Sr-H-ZSM-5<Ba-H-ZSM-5. On the other hand, the
(CoH,+ C,Hg+ CyHy+ C3Hy) selectivity hardly depended
upon the kinds of the catalysts. This suggests that the
catalytic activity of H-ZSM-5 catalyst for olefin hydro-
genation decreases by modification with alkaline earth

were mainly paraffins.

metals. Figure 13 shows the presure dependence of the
(CH,+ C3Hg) selectivity. In case of Sr- Ca-modified
H-ZSM-5 type zeolite catalyst, the (C,H,-+C,H;) se-
lectivity of about 63 9, was obtained. The maximum
(C,H, -+ C3Hy) selectivity in Fig. 12 was plotted against
the normalized amount of desorbed NH,; above 350°C
of various catalysts [based on that of H-ZSM-5(Si/Al=
120)] (Fig. 14). Except for Mg-H-ZSM-5 and H-
ZSM-5(Si/Al=395), good correlations have been obtained.
The maximum (C,H,+ C;Hj) selectivity increased linearly
with the decrease in the amount of desorbed NH,.
However, in the case of H-ZSM-5 catalyst(Si/Al=2395),
the maximum (C,H,+ C;Hy) selectivity was the same as
that of H-ZSM-5 catalyst(Si/Al=120). It is suggested
that the acid property of the alkaline earth metal modified-
H-ZSM-5 catalyst differs from that of the conventional
H-ZSM-5 catalyst. Based on the above results, the
direct synthesis of light olefins from synthesis gas was
carried out utilizing the composite catalyst composed
of Zn-Cr oxide catalyst (isosynthesis catalyst) and ZSM-5
type catalyst (Fig. 15, Tables 5 and 6). When the
H-ZSM-5 catalyst was modified with alkaline earth
metals, the (C,H,+ C;Hy) selectivity increased. (5) In
order to clarify the hydrogenation activity of zeolite
catalyst, the hydrogenation of ethylene or propylene
(Figs. 16 and 17) and the hydrocracking of benzene
(Fig. 18) were carried out over various zeolite catalysts.

Alkaline earth metal, Composite catalyst, Light olefin, Synthesis gas, Zeolite
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