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ZA3 g4 3 ddelz20]E 22]3 Zn-Oxide FvilAdolA] dl&te] oxidative coupling WS-l <%t
ol olere] FAuE-S At

Gx) &) o] AbH-E oAz ofste] HATE FAaAFH 0w, 4h3e] Jel}R| ¢ Zn-Oxide/a-ALO;
Zvje] Addxrl 53k Zn-Oxided] HA 2A|3FL 60 wt%d we)gict.

Zn-Oxide/a-ALQO; FviAld] $ZAZF Y27} 72 FFe T4 2300E5S I71E 99 GdeA=
NaBr>NaClsNalsNaF 2 veltos, odale] AAdo] Brap Cl glejde] o &e] AA|EHAAIT NaF
2 odZde)F4Y (NaNO;, Li,CO;, KNOy) & H-Zvie} &g 3jgich

NaCl(30 wt%)/Zn-Oxide (60 wt%)/a-Al;0; EofjAtell ] £ 223 w38 E3le, CH; 2hrizte] QAo
Fesle ARFL B o)A 05 Y OF 2 AAE 4 Az FASUA= oF 39
Kcal/mole ©]git}

Abstract — The oxidative coupling of methane to ethylene and ethane was studied over Zn-Oxide catalysts with
different compositions of catalysts, different supports and promoters.

The selectivity for C/CyH4+CoHg) decreased with an increase in the acid sites of supported catalysts. The Zn-
Oxidefa-Al,04 catalyst without acid sites showed that a good Co{CoH,+C;3Hg) selectivity. The optimal loading of Zn-
Oxide was 60 wt%.

When alkali halide promoters were added to Zn-Oxide/a-Al;03, the activity order was NaBr>NaCl>Nal>NaF. Br
and Cl radicals might play an important role in formation of ethylene, but NaF and alkali metal salts (NaNO3, LiCO3,
KNOs3) played a role of inhibitor.

From kinetic studies on oxidative coupling of methane over NaCl(30wt % )/Zn-Oxide(60wt % )ia-Al;03, the oxygen
species responsible for formation of CHj radical was suggested to be diatomic oxygen (04% or O3 ) on the surface. The
activation energy was ca. 39 Kcal/mole.
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Table 1. Surface area and pore volume of main

catalysts
ltem Surface area Pore volume
(m?/g) (ce/g)
a-A1203 1 < —_
¥-AlO4 166 0.5483
SiO, 208 0.2837
Zn-Oxide 1< —
Zn-Oxide (60 wt%)/e-Al,Og 1< -
NaCl (30 wt%)/Zn-oxide 1< —

(60 \\’t%))/a-AlgU:;

2-1. Hajjel M=

A g EFA)eel Zn(NOy)6H05 7ol &3
g ¥, Ao NH,OH £9& {o} pH9-109] ¥ HelA
AANAT ARES pHTol ¥ wWrkx] S W
=A4, iztsle] Zn(OH),& L 1258 AZ7|H
ol A 24417t AEAI e 247k A F AFE Zn(OH),
9} 150-200 mesh® Al (a-ALOs, Y-ALOs, Si0) & 7+
7+ odAake] <dte]x&9)(NaCl, KCl, LiCl, NaBr,
NaF, Nal, NaNQs;, Li;O;, KNO) & Zfol E¥F
Sl Ariste) EFRelA wHA FEE FY
XA AL A3 o)L 125T ) Ax7|HelA 14417
ZAZAZ) F, 400C A 2417 24 A17] ohE 800T A
6417t 2AA7IR By es Faste] Abg3siedch
Zojo] EHA 7 AFH-E Table 1o A2dsict

2-2. AEEX W uhy

AYAzE Fig 13 2L 34 24 AF5A
gh-g- x| o]} w3713 W7o} 1.1cem, o)} 38 cmgl
Uty 2elQdds A293e A8t 3o &
SREE FAdstA &) slste 05g9 ¥4 FwiE
3g¢] seasand®} E§sled ub-gr)e] FAlF-ol FA3}
Qom, Zoj=e] ol Raschig ring® 34
Abgsted AR st WE57]8 2EE EulEe 4
B $jxF AAN(CAY =247 AHE3lo
ZA 59}

el AgLe weEal CH,o 0,0 ¥3h& 24zt
0.08 atm¥} 0.04 atm 22 3} CH,/0, 29]& FEn]al
2(2CH,+ 0,—»>CH,+H,0) 2 stz AAFZFHS 50
co/ming A5k 52 A¥L NaCl(30 wt%)/
Zn-Oxide (60 wt%)/a-ALO; Zw| Aol A] o&he] E-glo]
018 o] Abx9] E-9hE 0.015-0.04 atm, 4FA2] E-gho]
0.02atm® of vgke] ¥-H& 0.13-0.38atm HHellA
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Fig. 1. Schematic diagram of experimental ap-
paratus.

1. Ny cylinder 2. Oy cylinder
3. CHy cylinder 4. Pressure regulator
5. Needle valve 6. Silica trap

3

7. Capiliary flow meter

8. Three way cock 9. Mixing chamber
10. Electric furnace 11. Reactor
12. Temperature controller
13. Temperature recorder
14. Gas sampler 15. G.C
16. Data processor 17. Bubble trap
18. Soap flow meter
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Table 2. Influence of support and promoter on catalytic activity

Catalyst Conversion (%) i Selectivity (%)

CHy 0, C, C,H, CHs CO CO,
Zn-Oxide 10.94 63.03 25.78 8.51 17.27 2.81 71.41
Zn-Oxide (20 wt%)/a-Al,03 1.75 13.40 59.32 10.32 49.00 6.31 24.37
Zn-Oxide (20 wt%)/7-Al,03 18.55 99.48 0 0 0 6.86 93.14
Zn-Oxide (20 wt%)/Si0, 6.67 41.64 16.23 3.51 12.71 14.30 69.48
NaCl (20 wt%)/Zn-Oxide (20 wt%)/a-Al,05 9.93 32.95 61.16 43.54 17.62 23.93 1591
NaCl (20 wt%)/Zn-Oxide (20 wt%)/7-Al,O; 18.73 99.58 19.07 11.04 8.02 17.41 63.52
NaCl (20 wt%)/Zn-Oxide (20 wt%)/SiO, 7.23 27.14 56.57 31.38 25.20 19.15 24.38

Reaction condition: Catalyst=0.5 gr., Total flow rate = 50 cc/min
Pcu,=0.08 atm, P, =0.04 atm, Reaction temperature = 750°C

(a)
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=
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Temperature (°C)
Fig. 2. TPD chromatogram of various catalysts.
(a) Zn-Oxide (20 wt%)/7-Al,04
(b) NaCl (20 wt%)/Zn-Oxide (20 wt%)/7-Aly04
(¢) Zn-Oxide (20 wt%)/Si0,
(d) NaCl (20 wt%)Zn-Oxide (20 wt%)/Si0;

Oxide/a-ALO; oA S AHgsted Zole) B4E 24
sholek.

3-2. ©@x|2nt ==0f(NaCl) ¥otake| &

Table 3& uFS-& % 750C o)A a-ALOsol Zn-Oxide 2]
gx|ake] whE oo Ao petidck. Zn-Oxide
9} gxjgfo] Zvigtel wel AIET Zlsid ot
thx|ako] 40 wt% o] Aol Al YA As&E 2ok

Zn-Oxide ) wrx|2ko] 20 wt%2} 30 wt%d wj+= A3}
£& o} of 59%9) C, AYEE Holx gloH
Hal-go] Z7hsh= 40 wt% el AS-E 33.34%9 7aF
C; AHES Mol glov g@x|afe] F71gtel wet
C, A"x: 51.15%71%] Z7}3h}7}t 70 wtaHEl =
Aastz gleh =3 CHiel CHeS 8% Hx|ado]
60 wt%l Zrleld HE veld F Fasa gle
B2 uh2ew 750T |4 Zn-Oxided] HHt=ake 60
wi%d Wds & 5 Uk

2] Zuf 2] XRD patterns® Fig 3o vhebiigl
c}. XRD #4727 Zn-Oxide/a-ALO; Zv]E Zn0O%} o-
ALO;2 AAANZ ZAsisicth @A)=ko] 20 wt%l
9= a-ALOse} 5433 d o] Zn0Y A3 AR}
A Jeptonm gxjgke] Zr}gkel wel Zn0 54
3" Ade] A vebtE @Rige] 40 wit% ol 4del A
$HEe Zn0 543 A a-ALO, EAF AR
A elgtet. whebrd ghx]ego] 40 wt% o) el A
shgo] FAH3F Frisln 2 o]Abe] FR|Felde o
g M3ES Ho|n gloend wxXuje $& ¥
AAEL InOR A4E 5 2der weps] Zn0 ¢
2| 2ko] 60 wt%d = Ao AR k2 vehiof
F1e 82 epdine 2 4 9ok

ote] Ay ATt A xS Bl Zn-Oxide(60
wt%)/o-ALO; Zvioll NaCle] gtefg delste] ukg
L5 750Col A ¢ 8¢ Fig 40 vfehiglc}. NaCle)
grepo] F7lgtel kel Cpol CGH,o 482 Z7ishH
NaCle] #ekol 30wt%d of zt7} 15%<} 13%2 3
HFe-g BHygon 1 oo4e] e Ak
CHe® 582 NaCle] §kol 5wit%d | =3 37}
sichrl "Awby ez dAsigch

NaCl &ekol| whZ e2] 2o ¢] XRD patternsZ Fig. 5
o Yehfglct NaCle) Fako] Z7hghel =2 NaCl
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Table 3. Influence of Zinc concentration on catalytic activity

Catalyst Conversion (%) Selectivity (%) Yield (%)
CH,4 0, C, CoHy CyHg CO COq CyHy CyHg
Zn-Oxide (20 wt%)/a-Al;04 1.75 13.40 5932 1032 49.00 16.31  24.37 0.18 0.85
Zn-Oxide (30 wt%)/a-Al,03 3.00 12.89 59.82 13.88 45.93 13.40 26.78 041 1.37
Zn-Oxide (40 wt%)/a-Al,04 10.63 43.29 33.34 11.49 21.84 7.88 58.78 1.22 2.32
Zn-Oxide (50 wt%)/a-Al;04 10.47 4545 42.60 15.86 26.75 6.41 50.99 1.66 2.80
Zn-Oxide (60 wt%)/a-Al,04 10.63  41.79 51.15 18.10  33.05 7.18  41.67 1.92 3.51
Zn-Oxide (70 wt%)/a-Aly04 10.52 4649 4329 16.27  27.02 6.70  50.01 1.71 2.84

Reaction condition: Catalyst=0.5 gr, Total flow rate =50 cc/min
Pcy,=0.08 atm, Pg, =0.04 atm , Reaction temperature =750 °C

a a a 20 wt%
a b a
b a a
b b a
1o b 1y
ah a a 30 wt%
a b b a
11y Tl
| 1 1 al
b 40 wt%
b a a
L T 1 vl
= i D1 fajub
- b 50 wt%
b
ba a a
a a b aby bhy?
I J T
Ib 60 wt%%
b
ba a bacba
a b 1
) [le 15 2 fakg
b 70 wt%
b b .
b.ba
a I, )
AR I 11 N O AN .
3 2 1
dAl
Fig. 3. XRD patterns of Zn-Oxide supported with

a-Al,04.
a: a'Alg()g. b: ZnO

Eqz)|AdAde] @77} Zrbstgl e} NaCle] 5wt% &
55 Zujol4 NaCl EA g Ae] vlehtr] & 712
ol9] ofe] AhH e 27| wFoR AzEcH21]
=% NaCl &ako] 40 wt%l Zvo) 4+ NaCl 543
Aol Zn0 EAsPAxc} 2A Jehdch w2bA
239} NaCl §ake] A5} 3 NaCl9) ko] 30 wi%
7AxE ukgo BRF FE 4™ FrEHAT 2
olate] FapellAE 23|38 FA A He| FH:dh=
Aoeg Azr]

sistEst 28R XisE 1990-F 10E

Yield (%)

0 10 20 30 40
Y wt% [Na/(Na + Zn)]
Fig. 4. Effect of NaCl content in Zn-Oxide/a-
Al 0, catalysis.
Reaction temperature = 750 °C
Yield: CJO). C2H4(Q). CzH(;(Q)

3-3. gzl gEloie 9 LRSS I

g$2AZ Javt 23 dFE|zIole] J s =
Abal7) $)ske] 750C ] wkg-2=o) A ZnO(60 wt%)/a-
ALOo| ZZv]E 20 wt% #7}5 Zvle] #4-& Table
49 el gdch NaBr/Zn-Oxide/a-AlO;¢} NaCl/Zn-
Oxide/o-ALO; 2wl wjE A3}go] 77t 43.06%2}
19.86%% ®.33 CHJ/CHso AAwl= 7zt 25.9¢
55 AEE xgrh dhde| Nal/Zn-Oxide/a-ALO,
9} NaF/Zn-Oxide/a-ALO; ZvY o= ZHzt 8.50%2
1.94%°] A3}8-2 Bdr) o)7-e Zn-Oxide(60 wt%)/
a-ALO;(Table 3) 2] A3& R} 238 Fasi G
Aol glojAe Z7tslel ot CHY/CHeel A3
= 242 079 02 AEZ P9t
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Table 4. Influence of alkali halide on catalytic activity
Conversion (%) Selectivity (%)
Catalyst CH, O, GH, GCHy CO  Co,
Nal (20 wt%)/Zn-Oxide (60 wt%)/a-Al,04 8.50 33.01 50.31 21.14 29.17 0 49.69
NaBr (20 wt%)/Zn-Oxide (60 wt%)/a-Al,05 43.06 86.95 46.38 44.67 1.72 44.64 8.98
NaCl (20 wt%)/Zn-Oxide (60 wt%)/a-Al,O3  19.86 42.75 63.86 54.10 9.76 27.66 8.47
NaF (20 wt%)/Zn-Oxide (60 wt%)/a-Al,04 1.94 1.30 69.19 10.60 58.59 0 30.81
Reaction condition: Catalyst=0.5g, Total flow rate =50 cc/min
Pcy,=0.08 atm, Pg,=0.04 atm, Reaction temperature =750 °C
b 5 wt% 25
by
a a bab NaBr
a b a a
| Il 1520 a b 20
b 10 wt%
b
b
a a a p _bay 4 _ =
! of [fla recf ayand g
b 20 wt% ©
= b Y
= b o
c a a,¢b _bab 10
; I
b 30 wt%
b 0
. b . - o L Nal
a4
4 'I a0 2 ads NaF
c b 40 wt%
b b ¢ 0 : : : : : : =
a . Ia a a | b abapaa -60 -80 n-]()() -120 -140
[ I 1 [ ‘l Ajculsh AH j-(Kca]/mole)
3 . 2 1 Fig. 6. Effect of the apparent molal enthalpy of
d[A} formation in alkali halides.

Fig. 5. XRD patterns of Zn-Oxide (60wt%)fa-Al,0),
promoted with NaCl.
a:a-AlyO3, b: Zn0. ¢: NaCl

o) &+2] oxidative couplingel 94t C;2) #4d-& wetell
A CH; @tizto] AAsimy o] CH, &lrizte] cou-
pling=o] CHe7} A= CHeol B5a3tel 234
CHob AAE12,20,22]. ey dze]g5E v
gt} AAE C, 3FFES A7 FEHE F
=2)7) 7 wete) couplings} Hpadte]l fAF A
He A7 23]. 22y NaF & A7igt FvlellA
= ¥R ZA3E HodFi glrh

NaBrs} NaClg #7180 of CH,o AAdu)7t =24
gabE] o) fr o] F ZFwi7h CHy #v]#e] cou-
plingell 2]8) 4 WA= C.Hs®l oxidative dehydrogena-
tiong E2A|7]= A2 A4=hri[23]

7} A Aol A Cl gir]zte] wigko 2538 CH,el 44

orx
122

[over Zn-Oxide(60 wt%)/a-Al,03 catalysts]
Reaction temperature = 750 °C
Yield: (,'2(0), C2H4(Q). LzH(.,(O)

o Eo k8- Drhe AAS g 2ol deld ot
[24].
Cl-+C,H, - HCI+C,H;,- (1)
C,H,- » H-+C,H, (2)

22122 NaBri#} NaClel 4] Br3} Cl glcjzte] A Alx]
o} 8hgell Foddl= 7o A7 4 ok Sodium
halide®] AAdguel 82 #AE Fig 60 ey

=4, AAjalgta)e) Achg(25]0] 2™ sodium hal-
ide2] s{zi7l &9 FEALRL vEe] oyt
wetd Otsuka 5[23]2] FAe] ot M=
Nal>NaBr>NaCI>NaF2 2da 4 slejm 72t 2
whe] DTA A¥FAxE Fig 7 Jehiigde=d <9
peak”?} viebes 2w} 7t 2&0) ] §A T dXstxn
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(a)

(b)

3

(c)

(d)

(e)

0 200 400 600 800 1000
Temperature (°C)

. DTA graph of various catalysts.
(a) Zn-Oxide (60 wt%)e-Al,03
(b} Nal (20 wt%)/Zn-Oxide (60 wt%)/a-Als03
(c) NaBr (20 wt%)/Zn-Oxide (60 wt%)/a-Al,O,
(d) NaCl (20 wt%)/Zn-Oxide (60 wt%)/a-Al,(),
(e) NaF (20 wt%)/Zn-Oxide (60 wt%)/a-Aly(),

AN F4Y BAEANE A T2 U 2}
A AT 23 A+ E NaBr>NaCl>Nal>
NaF& Fig. 62} #o] volcano el & MoiF¢dc) =3
EDXM& AMg-3ted ub-g-3 Zoje} 1047} ub-g-§F 9
Zujg 2ABIY 2 A3E Fig 8¢ veliied v
A Fvlol A 2Eve 7z} Ao} EAEtT Qlovt
g Felle Nas EAjsla gz &2 AR 7
28AY AtESS B9FT Qo 92bA NaBra
NaCl %] Br3}t Cl giojze] detezie CH,9
Aol Zv)zt4-& &x|wt Nal®} NaF %9 19} F:=
Fo) 28-S 4] dv AR A7En o]aF o)f=
Hhs-2% 750Co A+ NaF7} sia)=7] o294 Fr}
Zuj 242 3HA] 23 Zed AzEe Nale e
22 #erl o] FoA A &A= wEe

o2 2ich. EDXMe| 4 Ne o] 8}9] 1zlekg 2t 94y
A=A ¢govZ NaFe] #$dli= EDXMo.2 &elg

SHEtESH Mi28H MI5E 19907 10H

Al (a) before reaction Al (a) after reaction
Na, Na.
Zn Zn
Zn Zn
1
1 Zn Zn
FS=8K 9.220 keV| |FS=8K 9.170 keV
Tl (b) before reaction Al (b) after reaction
Na, Na
Zn 7n
Zln Zn
/n A Br Zn Br
FS=8K 9.200 keV | |FS=8K 9.210keV
Al (c) before reaction All (c) after reaction
Na, Na,
|Zn al Zn
Zn Zn
n O
FS=8K 9.180 keV| [FS=8K 9.190 keV

Fig. 8. EDXM patterns of various catalysts.
(a) Nal (20 wt%)/Zn-Oxide (60 wt%)a-Aly();,
(b) NaBr(20 wt%)/ Zn-Oxide (60 wt%) a-Al,04
(¢) NaCl (20 wt%)/Zn-Oxide (60 wt%)/a-Al,04

F sich

Table 54 Zn-Oxide(60 wt%)/a-ALO; Zvjel] 30
wt%e] dZeld4 QstEn dgeFEade g4
el g}, NaCl, LiCl 2 KCIzt 72 Clo] 4%
de| g4 Qe Ade5 G A9, 53] CH,
o Az g ‘o‘”‘o""]?&‘:}' o)7L CH,o Aol Hg
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wt%)/a-AL0; Zvl(Table 3) B} Astg3 Hex s}
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Suldc} gAo] sl oz g o] R Lit o] 23
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Table 5. Influence of alkali metal chloride and salts on catalytic activity
Conversion (%) Selectivity (%)
Catalyst CH, 0, C,  GH, GH, <0 Co,
NaCl (30 wt%)/Zn-Oxide (60 wt%)ae-Al,03 26.81 68.28  55.27 48.84 6.43 32.02 12.71
LiCl (30 wt%)/Zn-Oxide (60 wt%)/e-Al,Oy  28.97 100 79.59 77.77 1.82 13.52 6.89
KCl (30 wt%)/Zn-Oxide (60 wt%)/a-Al,03 15.67 63.40 68.32 51.23 17.09 5.16 26.52
NaNOx30 wt%)/Zn-Oxide (60 wt%)/ 6.56 3193 4727 15.41 31.86 8.86 43.87
U'Alz();;
Li;CO3 (30 wt%)/Zn-Oxide (60 wt%)/ 5.59 26.63  32.17 9.41 22.76 4.87 62.96
0'A1203
KNO; (30 wt%)/Zn-Oxide (60 wt%)/ 6.53 39.07 15.33 3.51 11.82 6.66 78.01
a-Al,03
Reaction condition: Catalyst=0.5g, Total flow rate = 50 cc/min
Pcp,=0.08 atm, Pg, = 0.04 atm, Reaction temperature = 750 °C
100 5600 100
90 _ r
_ 7
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E 0T _L; .
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R B B e e S e 5 L
S2r g i
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e —— S —— % 0 b : - : el
0 : ' ! 1 1 ! ' ! : 1 650 675 700 725 750
o 1 2 3 4 5 6 7 8 9 10 Temperature (°C)
lime on stream (hr) Fig. 10. Effect of reaction tempeature on the rate

Fig. 9. Effect of reaction time over NaCl (30 wt%)/
Zn-Oxide (60wt%)/ a-Al,04
Reaction temperature = 750 °C
Conversion: CHy(®)
Selectivity: CA0), CyHy(®), CoHg@), CO.
COA®)

gy £ Ayl NaNO;, KNO; o Li,CO & 7}
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3-4. 852 %
Fig. 9= NaCl(30 wt%)/Zn-Oxide (60 wt%)/a-ALO;
Zol & Apg3led 750Cell A WhEA7re} mE Zuj9)
g4e Jehlgde} wke 104 70742] o] Al

of formation of products and on the C,
selectivity.

Pcy, = 0.23 atm, Py, =0.02 atm
The rate of formation of the products: C;H,
(®), C,H(Q), CO, COxD), C, selectivity (O).

w3yl giglernz 2E Uyztge whE 1047 W
oA Fahsdc)

Fig. 102 wiet=} 442 ¥-9fo) 0.23 atm} 0.02 atm
d o WS o YAHES] YAHE5E C, AH
E& et st 8H-2 571 F71tel o2} G, Al e e
ZF71kd 2 CH.9b CHe 2 CO, CO8l AAEER
‘%‘7]’8}'9\1‘4‘. 535 2x7} 71 E C;H,>C,Hs>CO,
CO9 &A= YA #ulshsdct

o &r2] oxidative coupling ¥Hg-ol] th3led Otsuka 5-
[26]2 Smy0; ZufAdoll A sz} ibA7) 7h7h 5]
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Table 6. Kinetic parameters
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Fig. 12. PeyJr vs. Py, plot.

Temperature Ko, k,x 103 Kca, k,, x 103 kx 103
(°0) (atm-1) {zmol g-! min~1) (atm™1) (umol g~! min~1)  (umol g-! min~!)
650 69.25 5.74 3.31 5.62 5.68
675 89.35 8.23 2.51 9.36 8.79
700 44.65 13.24 3.50 13.86 13.55
725 48.40 23.47 3.70 24.26 23.86
750 28.00 49.74 6.91 44.12 46.88
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