
KoreanJ. Chem. Eng., 16(5), 595-601 (1999) 
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Abstract-Stronlium zir(x)niuln phosphate, unpi~moted strontimn chlorapalite and stlDn[imi! hych~xyapatite show- 
ed low C~ sdeclivity for tile oxidative coupling of methane, but promoted sta~ntimn chlorapatite caJ:alysts showed mar- 
kedly increased activity and selectivity and also exhibited stable behavior. SrCI~ was the primary promoter and 
strontium zirconium oxides were considered to be acting as other promoters, but strontium zirconium phosphate 
and strontitml carbonate seemed to be acting adversely. A promoted strontium chlol~palite catalyst which con- 
t~led a slightly larger amount of $IC12 than needed to fonn tile chlol~patite showed the best performance and 
was stable up to 50 h at 1,023 I~ and the highest C2+ selectivity and yield were 52% and 13.8%, respectively Al- 
though $IC12 was more stable than NaC1 it decomposed slowly dining the reaclion, leaving s[IDn[iulll oxide Ol- SllDI!- 
tium carbonate belmld, which is considered to result in slow deaclivation of tile catalyst. 

Key words : Methane, Oxidative Coupling, Strontium Chloride, Strontium Chlorapatite, Strontium Zirconium Phos- 
phate 

INTRODUCTION 

Direct catalytic conversion of methane to C2 and higher hy- 
drocarbons (C~+) by oxidative coupling of methane (OCM) is 
considered a potential route for the production of useful chemi- 
cals and fuels from abundant natural gas. A large number of 
materials, such as alkali-promoted alkaline earth metal oxides, 
transition metal oxides and rare earth metal oxides, have so far 
been found to be effective in catalyzing the OCM, but more 
effective catalysts are still being sought [Amenomiya et al., 
1990; Baeck et al., 1998; Cho et al., 1998; Guo et al., 1998; 
Hutchings and Scurrell, 1992; Kim et al., 1997; Kim and Lee, 
1993; Kim et al., 1990; Kim and Yu, 1990; Lee and Oyama, 
1988; Lee and Oyama, 1989; Maitra, 1993]. 

Recently, NaCl-promoted sodium zirconium phosphates and 
lead-substituted calcium hydroxyapatite, both being based on 
the phosphate compounds instead of oxides, have been report- 
ed to show good catalytic performance for the OCM [Yoon and 
Seo, 1997; Lee et al., 1998; Matsumura et al., 1995]. Wq-tile the 
latter catalyst showed very stable performance, the former de- 
activated relatively fast. The main cause of the deactivation is 
the disappearance of chlorine because chlorine in NaC1 is re- 
latively unstable at such a high reaction temperature. Since 
chlorine is known to enhance the activity and selectivity [Mai- 
tra, 1993], more stable chlorine-containing catalyst can be ex- 
pected to exhibit better catalytic performance. In this work, 
promoted strontium chlorapatite (Srl0C12(t:O4)~) as the OCM 
catalyst was investigated, because the chlorine in the chlorapa- 
tite, or that in SrC12 which was used as a starting material for 
the catalyst preparation and was considered to act as a pro- 
moter, was anticipated to be more stable than that in NaC1. The 
idea that SrC12 will be thermally more stable than NaC1 may be 
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deduced by comparing the melting point which may be used as 
a rough measure for the stability of inorganic chlorides. The 
melting point of SrC12 is 1,146 K and that of NaC1 is 1073.6 K. 
Since unpromoted (or pure) strontium chlorapatite as well as 
strontium hydroxyapatite (Sr10(OH)2(PO4)6) and calcium hy- 
droxyapatite (Cal0(OH)2(1K)4)~) showed poor catalytic perfor- 
mance [Sugiyama et al., 1996; Matsumura et al., 1995; Lee et 
al., 1998], a zirconium compound and excess SrC12 were added 
to promote the catalyst performance. Besides the chlorapatite 
catalyst, sodium zirconium phosphate was also investigated be- 
cause it was observed to be present in the prepared chlompatite 
catalyst system and it was needed to see its effect. The main 
purpose of this work is, first, to investigate the promoter effects 
and second, to test the stability of the catalysts. 

EXPERIMENTAL 

1. Catalyst Preparation and Characterization 
Strontium zirconium phosphate catalysts were prepared from 

strontium hydroxide (Sr(OH)2.SH20, Aldrich Chemical), zirco- 
nyl chloride (ZrOC12.8H20, Junsei Chemical) and phosphoric 
acid (Yakuri ~tre Chemicals). A 0.5 M aqueous solution of 
zirconyl chloride was added to a 1 M solution of phosphoric 
acid with vigorous stirring and the resulting mLxture was aged 
for 12 h at room temperature and for additional 12 h at 363 K 
with gentle stirring, and then dried in air at 333 K for 50 h. The 
resulting solid was highly hydrated gel containing various zir- 
conium phosphate compounds [Chang et al., 1989; Clearfield 
et al., 1973; Kong et al., 1999], but containing vim,tally no chlo- 
rine since it was vaporized as HC1 during aging and drying. A 
nearly saturated St(OH)2 solution was mixed with the gel and 
then dried at 333 K for 50 h. The resulting solid was heat- 
treated at 1,073 K for 2 h, to obtain the strontium zirconium 
phosphate catalyst. Varying ratios of Sr :Zr : P Q  were em- 
ployed and the catalyst was designated as SrZrP(a/b), where a 
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and b are the number of moles of Sr and Zr per 6 moles of 
PO 4 . 

The promoted strontium chlorapatite catalyst was prepared 
by the same procedure as described above, except for fi~_her 
addition of strontium chloride (S1C12.6H20, Junsei Chemical) 
together with Sr(OH)> The ratio of Sr(OH)a :Zr :PO4 was fix- 
ed at 1 : 4 : 6 and the amount of S1C12 added was varied. The 
catalyst was designated as SrC1ZrP(a/4), where a denotes the 
total moles of Sr per 6 moles of tK) v 

Unpromoted strontium chlorapatite (Sr~0C12(PO4)~) and stron- 
tium hydroxyapatite (Srm0(OH)2(PO4)6) were also similarly pre- 
pared from stoichiometric quantities of  $I-C12 and (NH4)2HtK)4 
for the former and Sr(NO3)2 and (1N~)2}{1:>O4 with addition of 
aqueous ammonia for the latter as reported in the literature 
[Lee et al., 1998]. These catalysts were designated as SrC1Ap 
and SrHyAp. 

The fresh (before reaction) and used (after reaction) catalysts 
were characterized by X-ray diffraction (XRD : Mao Science, 
M18xHF-SRA) with the Cu Kcz line to observe the crystalline 
phases and energy dispersive X-my spectroscopy (EDS : Tracor 
Northern, JSM-35 CF) with 15 kV of applied voltage to ob- 
serve the mole ratios of the elements. In EDS analysis, several 
particles were taken and the average value was used for the 
analysis. 
2. Catalyst Performance Testing 

The catalyst performance was tested by a conventional pro- 
cedure. The OCM reaction was carried out in an 8-ram inside 
diameter quartz tube under atmospheric pressure by feeding 
methane, oxygen and helium as a diluent. The reactor was 
mounted vertically and heated with an electric furnace, and 
the feed gas flowed downward. The reaction temperature was 
measured with a thermocouple which was inserted into the 
catalyst bed from the top of the reactor. The following reaction 
conditions were employed unless otherwise specified. The re- 
action temperature was 1,023 K; the partial pressures of meth- 
ane and oxygen (pc,+ and p< ) were 16.5 and 8.3 k l~  (0.16 and 
0.08 atm) with the total gas flow rate of 100 cm3/min and the 
catalyst loading of 1.0g, giving the space time of 0.6 g.s/cm 3. 
The product effluent was passed through a CaC12 trap to re- 
move water and then analyzed by two on-line TCD-equipped 
gas chromatographs, one fitted with a Carboxen 1004 column 
(Supelco) to analyze O2, CO and C}{4, and the other with a Ha- 
yesep Q column (Supelco) to analyze Oa+CO, CO2, CH4 and 
higher hydrocarbons. 

RESULTS AND DISCUSSION 

As is generally used, the selectivity to a product in this work 
is also defined as (the number of moles of C in that product)/ 
(the number of  moles of CH4 consumed) ; the yield is defined 
as (the number of  moles C in that product)/(the number of 
moles of CH4 fed) and is equal to (the C}{ 4 conversion)x(the 
selectivity). The Ca+ selectivity and yield mean the sum of se- 
lectivities and yields of Ca (ethane and ethene) and higher hy- 
drocarbons. If  the terms are used without specifying any prod- 
uct, they mean the Ca+ selectivity and yield. The observed high- 
er hydrocarbons in this work were propane and propene, and 

Table 1. Crystalline phases in strontium zirconium phosphate 
catalysts 

Possible 
Crystalline phases other maj or 

Catalyst Status and relative peak intensity compoundsb ) 

SrZrP(1/4) ~) Fresh 
Used 

SrZrP(2/4) Fresh 
Used 

SrZrP(3/4) Fresh 

SrZrP(3/3) 
Used 
Fresh 
Used 

SrZr4(PO& 
SrZr4(PO& 
SrZr4(PO4)e>>SrZrO3 
SrZr4(PO& SrCO~ 
SrZr4(PO4)6>Srl0(OH)a(PO4)e>> 
Sr~Zr207 
SrZr4(PO4)6 >> Sr,0(OH)a(PO4)6 Sr~Zr>.O~ ~ 
ZrP207 >> SrZr4(PO4)6 
ZrPaO.7>>SrZr4(PO4) 6 SrCO 3 

O~The numbers of moles of Sr/Zr per 6 moles of PO 4 used in the 
preparation. 
b>Not observed by XRD ; see text. 
4Various strontium zirconium oxides. 

these were usually (but not always) obtained within a few per- 
cent of selectivity when the conversion was higher than about 
20% and the selectivity was higher than about 40%. For brev- 
ity's sake, the propane and propene selectivities were not pre- 
sented in the following data. 
1. Strontium Zirconium Phosphate Catalysts 
1-1. XRD Analysis 

The crystalline phases observed by XRD are presented in 
Table 1. In SrZrP(1/4), only the hexagonal SrZr4(PO4)6, which 
has the same stoichiometric ratio of  the elements and groups as 
the materials used in the preparation, was observed. In SrZrP 
(2/4), which had a larger amount of strontium, a small amount 
of cubic S r Z r O  3 w a s  observed in the fresh sample, but in the 
used sample it was not observed. Considering the larger amount 
of strontium added than needed to form SrZr4(PO4)6, some 
strontium compounds which were not detected by the XRD 
should be present in SrZrP(2/4) as amorphous forms or in small 
amounts. When the amount of strontium added was further 
increased, as in SrZrP(3/4), the presence of hexagonal stron- 
tium hydroxyapatite (Sr10(OH)2~4)~) and tetragonal Sr~ZraO7 
was observed in the fresh sample, but the latter was not ob- 
served in the used sample. Taking again into account the 
amounts of materials used in the preparation, some compounds 
which were not detected by the XRD should also be present in 
SrZrP(3/4). The compounds which were not observed by the 
XRD due to small amount or amorphousness are considered to 
be most probably strontium zirconium oxides, some of which 
were observed in the fresh samples, and amorphous SrCO3 
which was formed from strontium, moist and carbon dioxide in 
the reaction product gas and in air. In SrZrP(2/4), a relatively 
large amount of SI-CQ is considered to be present, and the pre- 
sence of a small amount of strontium hydroxyapatite may not 
be ruled out. In SrZrP(3/4), various strontium zirconium oxides 
(Sr~ZryQ, which are poorly crys~lline) are considered to be pre- 
sent in a relatively larger amount than S r C O  3 since formation 
of strontium hydroxyapatite was observed. When the ratio of 
Zr to PO4 was decreased to 1 : 2, as in SrZrP(3/3), formation of 

September, 1999 



OCM over Promoted Strontium Chlorapatite 597 

SrZr4(PO4) ~ w a s  greatly depressed but crystalline zirconium py- 
rophosphate (cubic ZrP~O.r) was well developed. Another stron- 
tium zirconium phosphate compound, SrZi~PO4)~, is known to 
exist, but this compound was not formed although the ma- 
terials employed were stoichlometrically the same and treated 
at 1,273 K. This is probably due to the fact that the treatment 
temperature was not high enough for the formation of SrZr 
(PO4)~. Considering again the large amount of strontium added, 
a large amount of  SrCQ is considered to be present. 
1-2. Performance Test 

The results of the OCM reaction over the strontium zirco- 
nium phosphate catalysts are presented in Table 2. These cata- 
lysts showed very stable (constant activity and selectivity) be- 
havior for 8 h, and the data in Table 2 are the average values 
from 2 to 8 h on-stream However, the C~ selectivity and yield 
were quite low, which indicates that SrZr4(PO4)a is not a good 

Table 2. Results of the reaction ~) over strontium zirconium phos- 
phate catalysts, unpromoted strontium chlorapatite 
and strontium hydroxyapatite 

Catalyst CI-h cony. C~ sel. C~ yield (%) (%) (%) C21-I~/CaH~ 

SrZrP(1/4) 6.8 16.2 1.1 0.52 
SrZrP(2/4) 9.8 17.5 1.7 0.33 
SrZrP(3/4) 16.5 15.3 2.5 0.58 
SrZrP(3/3) 2.9 0 0 
SrC1Ap 21.4 6.7 1.4 0 
SrHyAp 11.8 6.6 0.8 0 

"~Average values fi-om 2 to 8 h on-streanl at 1,023 K. 

catalyst for the OCM. SrZrP(3/3) showed almost inert behav- 
ior, and this is due to the zirconium pyrophosphate as the main 
component [Kong et al., 1999]. S1CO3 also seems to be a poor 
catalyst. Since SrZrP(3/4) showed the highest yield among 
these catalysts, strontium hydroxyapatite and strontium zirco- 
nium oxides are considered to be more effective for the OCM 
than SrZr4(PQ)~ and SrCQ. In fact, strontium hydroxyapatite 
and strontium zirconium oxides have been investigated for the 
OCM [Sugiyama et al., 1996; Yang et al., 1995; Nagamoto et 
al., 1988], and the latter seems to be better than the former 
although they are not good catalysts compared with other effec- 
tive catalysts reported. Therefore, no further study on the stron- 
tium zirconium phosphate catalysts was carried out. 
2. Promoted Strontium Chlorapatite Catalysts 
2-1. XRD and EDS Analyses 

The XRD analysis results are presented in Table 3. For the 
catalysts prepared with relatively small ratios of  Sr/PO4, stron- 
tium zirconium phosphate and strontium chlorapatite were ob- 
served in comparable amounts. When the Sr/PO4 ratio appro- 
ached 10, as in S1C1ZrP(9/4), the amount of strontium zirconium 
phosphate formed became significantly smaller than that of  st- 
rontium chlorapafite. When the SrffK) 4 ratio exceeded 10, as in Sr- 
CIZrP(13-21/4), strontium zirconium phosphate could barely be 
seen. Therefore, it can be said that if chlorine is present stron- 
tium chlorapatite is easily formed and is more preferentially 
formed than s~ontium zirconium phosphate. On the other hand, 
excess SrCla was found to be decomposed during the reaction, 
as observed for the used SrC1ZrP(13-21/4) catalysts. Therefore, 
similarly to the discussion in the above section, SrCO3 and st- 
rontium zirconium oxides are considered to be present, as list- 

Table 3. XRD and EDS analysis results for promoted strontium chlorapatite catalysts 

Catalyst Status ") Crystalline phases and peak intensity Possible other comp. C1/Sr (by EDS) 

SrC1ZrP(3/4) Fresh 8rZr4(PO4)~>>Sr~0C12(PO4)e 0.30 
Used SrZr4(PO4)6>Sr ~0C12(PO4)6 Sr~ZryO z 0.11 

SIC1ZrP(5/4) Fresh Srl0C12(PO4)6>SrZr4(PO4)6 0.34 
Used Sr10C12(PO4)~;~SrZr4(PO4)~> SrZ103 0.17 

SrC1ZrP(9/4) Fresh Sr10C12(PO4)6>SrZr4(PO4) 6 0.70 
Used SrlaC12(PO4)~>>SrZrO3~:.SrZr4(PO4) ~ 7.IO 2 0.57 

SrCIZrP(13/4) Fresh Sr, aC12(PO4)~>SrC12 1.07 
Used b~ Srl0C12(PO4)6>SrZrO3>>SIC12 0.44 

SIC1ZrP(17/4) Fresh Sr C12 ~ >Sr~ 0C12(PO4)~>>SrZr4(PO4)~ 1.41 
Used 4 Sr10C12(PO4)6>>SrZrO3>SrZr4(PO4) 6 Sr~Zr>.O~, SrCO 3 0.21 

SIC1ZrP(21/4) Fresh Sr C12 d> >>Sr~0C12(PO4)~ 1.97 
Used Sr C12 ~) >Sr~Cl~(PO4)~>>SrZr4(PO4)~ Sr~ZryQ, SrCO3 1.43 

SrC1Ap Fresh SrloCla(PO4)~>>SrC124 0.30 
Used SrloCla(PO4)~>>SICla 4 0.24 

SrHyAp Fresh Sr, a(OH)~(PO4)~ 
Used Srlo(OH)a(PO4) ~ 

~The used catalysts had usually been used for 8 h at 1,023 K and for 3-5 h at 1,073 K. 
b;Llsed for 50 h at 1,023 K. 
c>Used for 66 h at 1,023 K. 
~)Crystalline strontium chloride was observed as mLxtures of anhydrous form and (di- and hexa-) hydrate form, and tile latter would have been 
formed by the moisture in the reaction gas and air during cooling and storage. When the amount of strontium chloride remaining was large, the 
observed crystalline phase was mostly tile hych-ate foml. 
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Fig. 1. X-ray diffractograms for SrCIAp samples (Sr/P04=IO/ 
6) lreated at different temperatures. 

Sr,~C]2(PO~)6; :~ Sr~CI {OH),{PO4}; (x+y=l); 

i, @ SrCI~; O SrCI~ �9 21110; ? uttknown 

[] 1073K, 24h 

�9 == ) 1273K, 2h 

ji!.:oli 
�9 [' . 
~'~ ~ l 1073K, lh = 

1 
,~ , 873K, lhl  

10 20 30 40 50 60 70 80 
20 

Fig. 2. X-ray dflIraetograms for SrCIAp samples wflh excess Sr- 
C12 (Sr/PO4=12/6) treated with different temperatures 
and times. 

ed in Table 3, although they were not observed by XRD. 
Fig. 1 shows the X-ray diffmctograms for the SrC1Ap sam- 

pies which were prepared by using stoichiometric amounts of 
Sr and PO4 and treated at different temperatures. For the sam- 
ples treated at 1,073 and 1,273 K, well-developed crystalline stron- 
tium chlorapatite was observed and the amount of SrC12 re- 
maining was quite small. The samples treated at 673 and 873 K 
appeared to contain mixtures of strontium chlorapatite and 
strontium hydroxyapatite; and the strontium hydroxyapatite 
would be progressively converted to strontium chlorapatite at 
higher temperatures by the reaction with remaining S1CI> In 
fact, it has been reported that hydroxyapatite can easily be con- 
verted to chlorapatite in the presence of chlorine [Sugiyama et 
al., 1999]. Fig. 2 shows the X-ray diffractograms for the S1C1- 
Ap samples which were prepared by using excess SrC12 (Sr/ 
1:'04=12/6) and treated at different temperatures for different 
hours. The results were similar to those in Fig. 1, except for the 
peak intensity of SrCI> For the sample treated at 873 K, the 
SrC12 peaks were relatively small. This does not mean that the 
amount of SrC12 is small, but only a small portion of SrC12 is in 
the crystalline form due to poor crystallization. The crystalliza- 
tion seemed to proceed to a greater extent with increasing tem- 
perature, and the amount of crystalline SrC12 in the sample 
treated at 1,073 K was observed to be quite large, but it was 
significantly decreased after treatment at 1,273 K for 2 h. For 
the sample treated at 1,073 K for 24 h, the amount of SrC12 was 
very small, and it was approximately the same as that in the 
sample prepared by using stoichiometric amounts of Sr and 
1:O4 and treated at 1,273 K for 2 h. The results in Figs. 1 and 2 
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show that strontium chlorapatite is relatively easily formed and 
is stable under the reaction conditions for OCM, while excess 
S1C12 is continuously decomposed, probably leaving SrO and 
then SrCO3 behind. 

The EDS results are also shown in Table 3. The composition 
of each element could not reliably be determined because the 
Zr Lcz and P Kcz lines (2.03 and 2.01 keV, respectively) are so 
close that they could not satisfactorily be resolved. For C1 and 
Sr, C1 Kc~ (2.62keV) and Sr Lc~ (1.81 keV) lines were used. 
Therefore, only the C1/Sr ratios are presented. By comparing 
the C1/Sr ratio for the fresh sample with that for the used sam- 
ple, disappearance of chlorine during the OCM reaction was 
again confirmed. For the used samples of SrCIZrP(9/4) and Sr- 
C1ZrP(13/4), which were observed from the XRD analysis to 
contain very small amounts of SrC12 and to be composed most- 
ly of strontium chlorapatite, the C1/Sr ratios were considerably 
greater than 0.2, which is the theoretical ratio for pure Sr10- 
C12(t<)4)6. For the used sample of SrCIZrP(17/4), the ratio was 
slightly greater than 0.2, even though a large excess of Sr was 
employed for the preparation and used for a long period. This 
indicates that for these samples considerable amounts of SrC12 
are still present near the catalyst surface, though crystalline 
SrC12 was not observed by the XRD. 
2-2. Performance Test 

Fig. 3 compares the performances of the promoted strontium 
chlorapatite catalysts. Since the catalysts showed stable behav- 
ior (nearly constant or slowly increasing conversion and selec- 
tivity for some catalysts), the average values of the data from 
2 h to 8 h on-stream were presented in the figure. Unpromoted 
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Fig. 3. Effect of the amount of SrCI: added on the catalytic 

performance at 1,023 I~ 
(The data are averaged values fi-om 2 to 8 h on-streara; 
the number in the parenthesis denotes the C21~/C2H 6 ratio) 

strontium chlorapatite and hydroxyapafite catalysts (SrC1Ap and 
SrHyAp) exhibited very low C2 selectivities (Table 2), but pro- 
moted strontium chlorapatite catalysts (SrC1ZrP(aJ4)) showed 
markedly higher selectivities. Therefore, it is certain that SrC12 
is acting as a good promoter. As the ratio a increased, the selec- 
tivity increased up to 9 of a and then stayed almost constant. 
The maximum CH4 conversion appeared at 13 of a, which in- 
dicates that the amount of $1C12, which is slightly larger than 
that needed for the formation of the chlorapatite, may be the 

optimum. The activity decrease with the larger amount of SrC12 
is considered due to physical blocking of a larger area of the 
active surface by the inert $1C12. In addition, if the results of 
characterization and reaction are put together, strontium zirco- 
mum oxides seem to be acting as other promoters, while it is 
considered that strontium zirconium phosphate and strontium 
carbonate are not good promoters or they may act adversely. 

Fig. 4 shows the activity and selectivity changes with time 
on-stream at 1,023 K over the SrC1ZrP(13/4) catalyst. The me- 
thane conversion increased during the initial several hours and 
then stayed almost constant up to 50 h. This initial increase is 
considered due to creation of more active sites, which results 
from ongoing reaction or interaction between $IC12 and other 
components such as strontium hydroxyapatite, strontium zirco- 
mum oxides and strontium chlorapatite. The selectivity also in- 
creased somewhat rapidly during the initial several hours and 
then increased slowly up to 50 h on-stream, where it came up 
to 52%. The C2H4/C2H6 ratio also remained almost constant. 
Fig. 5 shows the activity and selectivity changes with time on- 
stream at 1,023 K over the SrC1ZrP(17/4) catalyst. Up to 40 h 
on-stream the trend was similar to that for SrCIZrP(13/4), but 
after that the selectivity began to decrease gradually. This de- 
crease is considered due to the increasing amount of strontium 
oxide or strontium carbonate which was formed by slow de- 
composition of SrC12. Fig. 6 shows the changes with time on- 
stream at 1,073 K over the SrC1ZrP(9/4) catalyst. The activity, 
selectivity, yield and C2tL/C2He ratio were fairly high compar- 
ed with those at 1,023 K. However, at this high temperature the 
stable behavior lasted only for 5 hours and then the perfor- 
mance deteriorated gradually. This deactivation is also consid- 
ered due to decomposition of $IC12 occurring more rapidly at 
higher temperature. Therefore, the performance test at 1,073 K 
was not carried out intensively. From these stability tests, it can 
be summarized that the promoted strontium chlorapatite cata- 
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lysts exhibit fairly stable performance and SrC12 is much more 
stable than NaC1, but SrC12 decomposes slowly, resulting in 
slow deactivation in the long run. 

C O N C L U S I O N S  

Strontium zirconium phosphate, unpromoted strontium chlo- 
mpatite and strontium hydroxyapatite showed low C2 selectiv- 
ity for the oxidative coupling of methane, but promoted stron- 
tium chlorapatite catalysts showed markedly increased activity 
and selectivity and also exhibited stable behavior. SrC12 was the 
primary promoter and strontitml zirconium oxides were consid- 
ered to be acting as other promoters, but strontium zirconium 
phosphate and strontium carbonate seemed to be acting adverse- 
ly. A promoted strontium chlorapatite catalyst, S1C1ZrP(13/4), 
which contained a slightly larger amount of SrC12 than needed 
to form the chlompatite showed the best performance and was 
stable up to 50 h at 1,023 K, and the highest Ca+ selectivity and 
yield were 52% and 13.8%, respectively. Although SrC12 was 
more stable than NaC1 it decomposed slowly during the reac- 
tion, leaving SrO or SrCO3 behind, which is considered to 
result in slow deactivation of the catalyst. 
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