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Abstrac t - -The catalytic oxidaliw, coupling cJf mel:~ane to ethylene and ethane with manganese ~)xide 
catalysts promoted with alkali metal and alkali metallic-chloride has been studied at atmospheric pressure in 
a fixed bed flow reactor. 

The main studies uf reaction were carried ot~t t.,ver maganese oxide cala]ysts promoted with sodium 
chloride and the structure and surface morphoJog~ of these catalysts was characterized by an X-ray diffraction 
and a scanning electron microscope. The powdered Mr~O 2 was changed into Mn203, and MnO 2 containing 
alkali metallic-chlorides was not changed to new ternary oxides but changed into Mn304 and/or Mn203 at 
higher calcination temperature(above 780~ 

The ~)ptimum content of NaCI promoted was 10-20wt%, an in over 10wt%, the conversion and the 
selectivity were kept constant. The main factor on deactivation of catalysts was the loss of the pmmoter(NaCl). 

The addition of alkali metal salts to manganese oxide catalyst has enhanced C2(C2H 4 + C2H6) selectivity 
due to neutralizing acid sites more than the electronic factor. It was confirmed that chlorine in alkali metallic- 
chloride has enhanced the formation of C2H4, resulting in a good C2-yield (up to 25.7%). 

INTRODUCTION 

The production of natural gas is increasing year by 
year and the reserves of natural gas are located all over 
the world, Methane is the most abundant  component  
of natural gas, generally containing over 9)) mole% c f 

the hydrocarbon fraction of the gas, and it is mostly 
used as an energy source. The utilization of methane 

as feedstocks for the production of chemicals is limited 
due to it's high molecular stability. However, the some 
extent of methane is first converted into synthesis gas 
in a steam reforming process which then is converted 
into methanol by a catalytic process and subsequently 
into light olefins and higher hydrocarbons [1]. 

The steam reforming process requires intense ener- 
gy as well as capital. Recently much attention is being 
paid to a direct conversion of methane into olefins and 
higher hydrocarbons. 

The oxidative coupling of methane to C2(C2H4-- 

C2H 6, particulary C2H 4 iS an important chemical feed- 
stock) is of great significance because the methane 
included in natural gas can be used as at- alternative 
source of hydrocarbons to cope with a predicted 
shortage in the supply of crude oil. 

Since the oxidative coupling of methane is thermo- 

dynamically favorable to total oxidation, studies on 
suppressing total oxidation and enhancing the se- 
lectivity for C2H 4 or C2H 6 are required. Keller aim 
Bhasin [2] reported a technique that was used to feed 
methane and oxygen over metal oxide catalysts 
alternately, so that it became correspondingly reduced 
or oxidized in pioneering work on the oxidative 
coupling of methane. Hinsen et al. [3] used the 
conventional flow system to study the oxidative 
coupling of methane with supported PbO catalysts and 
reported the effect of the support, alkali promoters and 
loading ratio of PbO. Lunsford et al. [4] reported that 
LilMgO, which was an irreducible metal oxide, was 
very active and selective. Otsuka e ta] .  [5] reported 
that rare earth metal oxides also have high activity. 
Although several works [6-8] in this field have been 
published, the fundamental and supplemental re- 
searches involving catalyst design with high yield 
are necessary. Jones et ah [9] have shown that 
supported manganese  oxide is active, but bulk 
manganese oxide is less active. However, in the 
present study, the role of alkali promoters in the 
oxidative coupling of methane has been examined by 
promoting the bulk manganese oxide with various 
alkalis and comparing the catalytic behavior of the 
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resulting materials. 

EXPERIMENTAL 

1. Catalyst preparation 
The Mn-Oxide promoted with alkali were prepared 

with powered MnO 2 and KNO3, or NaNO 3, or Li2CO 3, 
or KCI, or NaCl, and/or LiCI. Those were extra [)ure 
grades. Alkali precursors and MnO 2 were mixed 
together in deionized water. The resulting slurry was 
heated by stirring to evaporate excess water until a 
thick paste remained. The thick paste was then dried 
at 125~ in an oven for 14 hours, and was calcined in 
air at 400~ for 2 hours, subsequently at 780-1050~ 
for 6 hours; thereafter it was powdered. 
2. Apparatus and methods  

The schematic diagram of the experimental ap- 
paratus which employed a conventional fixed bed 
flow reactor system is shown in Fig. 1. The dimension 
of a reactor in the shape of a U is 1.1 cm I.D. and 38 
cm long in inlet and 0.5 cm I.D. and 29 =m long in 
outlet. The catalyst(0.5g) ,,,,,'as mechanically mixed 
with seasand(3g) as diluent before being packed ip 
the reactor, because the dispersion of the catalyst 

increased the total yields of hydrocarbons and 
distributed the catalyst bed temperature uniformly. 
The catalyst was held in place by a small plug of quartz 
wool. The reactr was heated in a tubular furnace lu a 
desirable temperature and the temperature was 
c~nHn,lled within an accuracy of ~ I.O~ by a lelu- 
perature conlroller (Eunsuk Co., Kr 

Partial pressures of CH 4 and ()., were 0.08 arm al~d 
0.04 arm respectively, in all experimenls, and CH4/() 2 
molar ratio was 2 that was stochiumetric ratio. The 
total flow rate was maintained at 50 cc/mkL The 
gaseous reactants were completely mixed in a mixil~.g 
chamber which was packed with Raschig rings after 
being purified by passing through purifiers. They 
contained blue silica gel and molecular sieves. The 

effluent gases were analyzed by the on line G.C. 
(model 3BT, Shimadzu Co., Japan) system, using the 
Porapak Q column(3 ram@, 3 m long, 60-80 tnesh, 
90~ for methane, carbon dioxide, elhyiene, elhat!e 
and water, and the Molecular sieve 5A columl~ (3 
mine, 3m long, 60-80 mesh, 90~ for hydrogen, oxy- 
gen and carbon monoxide. 

A quick determination of the basicity of catalysts 
was made by measuring the pH of the result suspem 
siun [10], which was mixed wilh 0.2g of a fresh 
catalyst in ,lO mL of deitmized v, aler, wifl~ pH uleh,r 
(model 501, Orion Research Cu., U.S.A.). The slructure 
and morphology of catalysts were studied by X-ray 
powder diffraction (Geigerflex, Rigaku, Japan) al!d by a 
scanning electron microscope (JSM-35C, Jeol, Japan0. 
The BET surfaoe areas were determined by nitrogel! 
physisorption at -196~ using a Micromerifics 230011 
system, 

RESULTS AND DISCUSSION 

The activity of the catalyst was discussed with three 
terms which are defined below. 

% conversion(x) - [(moles uf converted 
methane)/(moles of methane 
input)] • 100 

% selectivity(s) - [(moles of converted methane 
into the ith component pro- 
ducts)/(moles of cunverted 
methane)] • 100 

% yield(y) = [(moles of converted methane into 
the desired product)/(moles uf 
methane input)] • 100 

Fig. 2 shows the effect of the calcination tempera- 
ture of NaCl/Mn-Oxides on the cop.version as well as 
on the selectivity. Sip.ce the melting point of NaCI is 
il~ the vicinity of 800~ [11], three calcinatitm tern- 
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Fig, 2. Effect of calcination temperature over NaCI 
(20 wt%)/Mn-Oxide catalyst. 
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Fig. 3. Effect of pretreatment time over  NaCI[20 
wt %)/Mn-Oxide catalyst. 
Reaction temperature-750~ Conversion: CIt 4 
[O), Selectivity: C2 (Of 

peratures  were tesled bul no change  was obse,~- 
ed on the catalytic activity. Therefore,  a l though it is 
prospected that the catalyst should  be agglomerated 
more  due to coaguIation of NaCI than it was before its 
calcination,  the above result means  that Ihe degree of 
agglomerat ion does not have  any effect o r  the catalytic' 

activity. 

100 
90 

.~ 8o ;0.%~176176176176176 
~ ~o 

40- ~ o 

{70 - i o O O O O I O O O l l i ~ i ~ e l ' ~ l D O  tO I)lD ~ 
~ _ > 20 tDIDI)ID~IDIDII)IDID �9 l l l l l t l l l l l l l l t i l l  ' 

r...;, 

O~ i , , i 

0 5 l 0 15 2'0 2'5 30 
Time on stream (hr) 

Fig. 4. Effect of reaction time over NaCl{lO wt%)i 
Mn-Oxide catalyst. 
Reactitm temperature, 750~ (70[)\,~2rSihl!; ( ' f l ,  1 

(O), Seleelivity: C 2 {O), C2H4 (At, (':zl-Ili {~,}, 

CO+CO2 ({,} 

.1 

f 

(A) a 

(B) 

b a 

ab a 

a 

a 

a b,i i 
(C) a l 

cc i 
& a ( a 

I i l ii 
3 2 

Fig. 5. XRD patterns of NaCl (I0 wt%)IMn-Oxide 
catalyst with reaction time. 
(At before reac'tkm, (B) 10 hrs after reaction. (C) 30 
hrs after reacti,.m, a: Mp.;zO:~. b: NaCI. c: Mn:~() 4 

Fig. 3 shows the effect of pre t rea tment  t ime con/he 
convers ion  and  the selectivity under  the mixing ~4as of 
N2(10 cc/min) and 02(2 co/mint. At an interval of 1 hr, 
the catalyst was pretreated for 6 hrs, and  it does F!ot 
show any n/eaningful change  between the catalytic 
activity and  the pre t rea tment  time. Therefl~re, aH 
expe r imen t s  were  carr ied out with the  calalysls  
pretreated at 750~ for 1 hour.  

Fig. 4 shows that the convers ion and the select iv i ly  
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were varied with the reaction period over Mn-Oxide 
catalysts promoted with NaC}. U]~tii lt~e firsI 10 hours 
after lhe reaction started, the conversion and the 
selectivity did nul vary, but lhe cunversiou and C:~ 
(C2H4 ~C2H6} selectivity decreased gradually after lO 

hours and steeply after 18 hours; however, C2H 6 seJec- 
tivily increased somewhat. The seJecfivily of CO and 
CO 2 did not vary. either till 10 [tours after the reaction 
started, but thereafter it increased. Since it ,,,,'as found 
front Fig. 4 that the conversion and the selectivity were 
kept constant till 10 hours after the reaction staffed, 
the data for the (onversion and the selectivity withip. 
10 hours will be chosen later to discuss the catalylic 
activity. 

Results of the XRD analysis of catalysts are shown 
in Fig. 5, which shows the origin of the catalyst de- 
activation. The fresh catalysts consist of NaCI and 
Mn2Q. The intensity of NaCI peaks were decreasing as 
reaction time went by, and after 30 hours NaCI peaks 
disappeared completely. New Mn304 peaks appeared 
in equal intensity at both 10 hours and 30 hours of 
usage of the catalysts. Consequently, it is supposed 
that the main factor on the deactivation ot catalysts 
was due to the loss of promoters. 

To examine the effect of the promoter NaCI 
content, runs were carried out at 750~ over Mn- 
Oxide catalysts promoted with various NaCI content. 
Fig. 6 shows that the activity increases in proportion to 
the increase of the NaCI content, however, catalysts 
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XRD patterns of NaCI promoted Mn-Oxide 
catalysts. 
{A) Mn-Oxide only. {B) NaCI (1 wt %)lMn-Oxide. {C) 
NaCI (5 wl%)/Mn-Oxide, (D} NaCI (10 wl%)/Mn- 
Oxide, (E} NaCI (20 wl%)/Mn-Oxide, 
a: Mn20 a, b: NaCI. 
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XRD patterns of Mn-Oxide catalysts promot- 
ed with NaCI after reaction. 
{A) Mn-Oxide only, (B) NaC] (l wt%)/Mn-Oxide, {C) 
NaCI (S wt%)/Mn-Oxide, (D) NaCI (20 wt%)tMn- 
Oxide, a: Mn203, b: NaCI, c: Mll304. 
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Fig. 9. Scanning e lect ron microscope graphs  of Mn-Oxide catalysts  with different NaCI content.  

over 10 wt% maintain constant activities. Catalysts 
under 10 wt% NaCI content show that the formation 
ratio of C2H 4 to C2H 6, increases steeply, while lhe 
m ~ i m u m  conversion of CH 4 and the formation ratio 

of C2H 4 to C2H6, 31% and 9.5, respectively, were 
achieved with catalysts over 10 wt% of NaCI content. 

This also implies that the catalysts over 10 wt% of 
NaCt content have a predominant  activity to produce 
C2H 4 which is a more favorable chemical feedstock 

than C2H 6. 
Fig. 7 shows XRD patterns of Mn-Oxide catalysts 

promoted with various NaCI content. NaCI peaks did 
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not appear in l wt% of NaCI promoted catalyst due to 
the w:ry small quantity of NaCI, but a good dispersiol~ 
of NaCI is expected [13]. The intensity ~f NaCI peaks 
increases as the NaCI content increases. A point to 
be considered, having in mind a result of catalytic ac- 
tivities, as mentioned above, is the supposition that 
the effective active sites which are needed in reaction 
are increased up to 10 wt% of NaCI content. However, 
the catalysts promoted with 25 wt% and over NaCI 
content showed rapid deactivation after a run of 8 
hours, and it is believed that Ihis phenomenon is due 
to severe sintering of the catalyst. 

Fig. 8 shows XRD patterns of 10 hours used Mm 
Oxide catalysts promoted with various NaCI content. 
Mn203 peaks appeared uniquely in the fresh and used 
Mn-Oxide catalyst, but among the catalysts promoted 
with various NaCI content, the NaCI (1 wt %)/Mn-Oxide 
catalyst showed the largest change of Mn203 into 
Mn304. 

Fig. 9 shows SEM photographs of Mn-Oxide cata- 
lysts promoted with 0, 1, 5, 20 wt% concentrations of 
NaCI. NaCI(1 wt%)/Mn-Oxide as well as Mn-Oxide 
show relatively uniform particle size. Both NaCI(5 
wt%)fMn-Oxide and NaCI(20 wt%)IMn-Oxide show 
the shape of agglomeration of NaCI with Mr,*Oxide. In 
the SEM photograph of NaCI(1 wt%)/Mn-Oxide cata- 
lyst, white spots, maybe NaCI, are uniformly dispersed 
on the surface and the clusters of metal oxide and 
NaCI are formed with cracks in centering ar~,und while 
spots. It is believed that NaCI which is uniformly 
dispersed in NaCI(1 wt%)/Mn-Oxide caused Ihe 
increase of the negative charge of adsorptiun oxygen 
and the control of the amounl of oxygen I14] concern- 
ing the oxidative coupling of methane, and conse- 
quently Mn203 was changed mainly into Mn30 4. 'Fhis 
Mn30 4 did not show any activity. 

Fig. 10 shows the effect of reaction temperature on 
the conversion and the selectivity of each product. 
which were measured over an NaCI(20 wt%)tMn-. 
Oxide catalyst. The maximum selectivity for C2H 4 iS 
observed at around 750~ however, the selectivity for 
C2H 6 keeps on decreasing as the reaction temperature 
increases. It is suspected that the dehydrogenation of 
produced C2H 6 results in this sequence. 

In most heterogeneous oxidation catalysis, the 
selectivity decreases as conversion increases, but this 
stud,./shows maximum points of C2(C2H4+C2H6) selec- 
tivity. Therefore, this phenomenon can be interpreted 
by two primary reaction pathways for the CH 3 radicals 
which are known as the intermediate of oxidatiw~ 
coupling reaction of CH4 [8,15]. One is the C2H 4 
formation reaction through the dehydrogenation ~f 
C2H 6 which is the result product of two CH 3 radicals 
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coupling, and another is the CO or CO 2 forn~atir 
reaction through the surface methoxide ions or methyl 
peroxy radicals as the result products between CH:~ 
radicals and the oxide surface or gas oxygen, re- 
spectively [8, 15, i[6]. The slopes of these two reactio~ 
pathways determine the maximum points of C 2 selec- 
tivity. 

in metal oxide catalysis, the increments of C 2 selec- 
tivity and yield by addition of alkali metal have been. 
interpreted with two mechanisms. The electron donat- 
ing effect of alkali metal can increase the reactivity ~Jf 
oxygen in M=O bond [17] and alkali metal neu- 
tralizes acid sites which are believed to be Iotal 
oxidation site [18]. If such an electronic contribution of 
alkali-promoting were important, we would expect an 
increment in the activity of the reaction in the order 
K>Na>Li.  However, in Table 1, the significant dif- 
ference in the conversion and selectivity was not 
observed between various alkali promoters. Thus, it is 
believed that this electronic factor of alkali addition 
may not play an important role in this reaction. On the 
other hand, since Mn-oxide is the weak acid oxide, it is 
considered that the increment of C2 selectivity is due to 
neutralization of acid sites by alkali promoters. Accord- 
ing to Table 1, the fact of remarkable increment in pH 
of Mn-Oxide catalyst confirmed the above consider- 
ation. 

By the way, in case of using KCI or NaCI or LiCI as 
promoters, the catalytic activity increased significantly, 
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Table 1. The effect of various alkali promoters on Mn-Oxide catalysts 

Catalyst Sf~s C{}nversiul! (%) Selectivity {%) 
(m21g) pit 

CH4 { )2 C2H 4 CzH 6 CO CO2 

Yield (%) 

C2 

Mn-Oxide 1.3 6.69 : 0,04 4.5 33 -- 12 -- 

KNOjMv.-Oxide --  10.{15, {}.04 4.3 25 7.0 32 14 

Na>I(} jMr>Oxide -- 11.{}7 + 0.04 4.7 20 8.0 3{} 15 

Li2CO:]/Mn-Oxide -- 10.75 + 0.04 6.0 :}2 11 30 8.{} 

KCl'Mn-Oxide < I 6.82 * 0.02 29 65 64 10 11 

NaCI/Mn-Oxide < 1 6.71 ~{}.02 31 83 69 7.0 12 

LiCI/Mn-Oxide 1.8 6,55 * 0.02 3:3 lot) 72 6,0 12 

88 0.5 

5{} 1.6 

47 1.7 

51 2.4 

15 21.4 

12 23.5 

10 25.7 

Rea~liun condition: Calalyst : 0.5 gr,. Total flow rale- 50 ,~/nm!, Reacliu~ lelnperaluru =750~ 

w h l e  an insignificant difference in pH was obsewed. 
KC], NaCI and LiC] were nut changed on Mn-oxide, 
not fumfing alkali manganese compounds and it was 
cerlified bv XRD. It is observed that there is no par- 
tic~lar differeuce il}. BET surface areas between Mu- 
Oxide catalysts and alkali metallic-halides i)romuled 
Mn-Oxide catalysts. 

At a tfigh temperature, i! was known thal the (_'hlu- 
ril~.e radicals act as a catalyst tu form the C::1t 4 from (:it t 
in the gas phases [19], and it was reported that the 
formation of C:H 4 increased with the increasing of the 
formation CH3CI over the LiCIINiO catalys [18]. In tl:is 
experiment, it was observed that AgCI precipitaled iu 
an aqueous AgNO:~ trap at Ihe reactor outlet. Froln the 
above result, il was indirectly confirmed Ihat chlorin.e 
species was present in the gas phase through the reac- 
tion. Therefore, when the various alkali metallic- 
chlorides are used as promoters, the reason to increase 
the C 2 yield significantly is supposed to occur as 
follows. Once the metal oxide and alkali nletallic-chlo- 
rides formed the t e r n a ~  oxides, they stabilized the 
alkali phases [20]. However, by XRD analysis on the 
catalysts, it became clear that the species of NaCI, KCI. 

LICI, MFI203 and Mn204 existed as a crystal in the 
catalyst. Therefore, the affinities between CI and Na- 
or K- or Li § may be weakened on metal oxide [2I]; 
then CI radicals may be released from alkali metallic- 
chlorides. The dramatic improvement of the C 2 selec 
tivity can be interpreted as lhe role of these C[ radicals 
through the reaction. 

Consequently, the following proposed reaction 
nmchanism [18, t9] could be adopted as a quite accurate 
path to increase the conversion of CH 4 and tu form 
C2H 4 over  a Mn-Oxide catalyst. 

XCI + CH 4 ~ {1/2}O 2 ~ XOH + CH3C}" 

CH3CI- ~ CI-+CH 3. 

2CH 3. --* C2H 6 

CI. eC2H 6 --e HCI FC2H 5- 
C2H 5. ~ H.+C2H 4 

where, X is Na or K or Li. 

CONCLUSION 

In spite of the addition of alkali metallic-chlorides, 
ternary oxides were not formed, only metal oxides 
(MII203 and/or Mn304} and alkali metallic-chlorides 
phases were presenl. Mn304 appeared after tile 
reaction had no effect on the reacliun in NaCltMn- 
Oxide catalysts. 

The optimun~ content of NaCI prumoted was 10-20 
wt% in NaCI/Mn-Oxide catalysts and fl~e main factor 
on deactivation uf catalysis was Ihe k)ss uf the pro- 
moter with time o~. stream. The addition of alkali 

melaI salts to Mn-Oxide has enhanced C2{C2H4 FC2H 0 
selectivity due to neutral izing acid sites, and it was 
confirmed that chlorine in alkali metal l ic<h]orides has 

enhanced the formation of C2H v resulting in a good C 2 
yield (up to 25.7%). 
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