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The performances of the 30 mol% MO/Y2O3 (M=Mg, Ca, Sr,
Ba) catalysts in OCM reactions have been investigated. The BaO-
promoted one has out-performed the others. We found that the
30 mol% BaX2/Y2O3 (X=F, Cl, Br) catalysts could do even bet-
ter. Both BaF2 and BaCl2 are good materials to promote Y2O3. At
800◦C and with CH4 : O2 : N2= 2.47 : 1 : 11.4, total flow rate= 50 ml
min−1, contact time= 0.6 g s ml−1, and weight of catalyst= 0.5 g,
the C2 yields over the catalysts were respectively 19.7 and 22.3%.
In this paper, we concentrate on the BaCl2/Y2O3 catalysts and com-
pare them with the BaO/Y2O3 ones. It is obvious that the 30 mol%
BaCl2/Y2O3 catalyst is superior to the 30 mol% BaO/Y2O3 one both
in C2 selectivity and C2H4/C2H6 ratio. XRD examinations revealed
that the addition of 10–50 mol% of BaO or BaCl2 has greatly al-
tered the surface and bulk natures of Y2O3. Crystal phase of or-
thorhombic BaCO3 was found to exist in the 30 mol% BaO/Y2O3

catalyst. Although no significant amount of any barium compound
was detected over the fresh 30 mol% BaCl2/Y2O3 catalyst, crystal
phases of orthorhombic Ba3Cl4CO3 and BaCO3 were detected af-
ter OCM reactions. Also, the cubic Y2O3 lattices of the BaO- and
BaCl2-promoted catalysts were found to have undergone expan-
sion which is a result of ionic substitution(s). The reactivity of the
30 mol% BaCl2/Y2O3 catalyst has been monitored for 40 h at 750◦C
and found to be stable. Although XPS results suggested no signifi-
cant change in surface chlorine concentration, analysis of Cl content
of the catalyst revealed that up to ca 15.5% of the original content
of chlorine was lost after 20 h of reaction. Y2O3 by itself lacks active
oxygen for the oxidation reaction. O2 TPD and reduction studies of
the fresh 30 mol% BaO- and BaCl2-promoted catalysts showed that
the amount of active oxygen in the former was at least 4 times that
in the latter. However, during OCM reaction, the 30 mol%
BaCl2/Y2O3 catalyst was changing somewhat like a 30 mol%
BaO/Y2O3 catalyst. It is apparent that the presence of Cl− ions
in the 30 mol% BaCl2/Y2O3 catalyst is the reason for the superior-
ity in C2 selectivity over the BaCl2-promoted Y2O3 catalysts. We
conclude that the presence of Ba2+ ions can enhance the amount of
oxidative oxygen for CH4 activation while the presence of Cl− sup-
presses deep oxidation. A careful balance of the two can optimize
the performance of the Y–Ba–Cl catalysts in the OCM reaction.
c© 1997 Academic Press
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INTRODUCTION

The utilization of natural gas, especially through the con-
version of methane to useful chemicals such as ethene and
methanol, has been widely studied. As far as the oxida-
tive coupling of methane (OCM) reaction is concerned,
a large number of compounds have been tried as cata-
lysts. Among the materials studied, alkaline earth oxides
or carbonates and rare earth oxides have been found to
be active (1–8). Clear trends of augmentation in catalytic
performance have been observed with the increase in basic-
ity of the alkaline earth oxides: MgO<CaO< SrO<BaO
(1, 7, 9, 10). It is obvious that the strongly basic SrO
and BaO can give better C2 selectivities (3, 5, 7). Korf
et al. have showed a synergistic effect between Ca and
Ba oxides. They suggested that the active oxygen species
in the case of Ba/CaO is an O2−

2 species (5). The use of
rare earth oxides as catalysts has been studied extensively
(7, 11–18). At 700◦C and with contact time= 0.002 g s ml−1

and CH4 : O2= 45.5 : 1, the performance over the rare earth
oxides was found to increase in the order of CeO2, TbOx,
PrOx<Lu2O3, Dy2O3, Eu2O3, Nd2O3, La2O3, Y2O3, Yb2O3,
Tm2O3<Er2O3, Gd2O3<Ho2O3< Sm2O3 (11a). Results
of later research also suggested that rare earth oxides such
as Sm2O3 (7, 11e), Eu2O3 (7), Ho2O3 (7), Gd2O3 (18), La2O3

(7, 15–18), and Y2O3 (17) are good materials for producing
good-performance OCM catalysts.

Composite metal oxides containing rare earth have been
thought to be good catalysts for the OCM reaction. Alkaline
earth oxides have been found to be good promoting materi-
als for rare earth oxides (17, 18, 20–25). For example, Deboy
et al. found that while there was little change in CH4 conver-
sion (ca 20%), the C2 selectivities over 1% Sr/La2O3 and 1%
Ba/La2O3 were 65.4 and 68.1%, respectively, significantly
higher than the value of 59.0% over La2O3 (21). Other
composite catalysts such as Ca/ThO2, Sr/ThO2, Ba/ThO2

(20) and CaY2, SrY2, BaY2, SrTh2, SrLa2 (17) have been
reported to be active for the OCM reaction. Osada et al.
(26) have studied the binary oxides of Y2O3–CaO for the
OCM reaction. They found that C2+ selectivity at 700◦C
was affected by a lattice distortion of Y2O3 and increased
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with the increasing content of Y2O3 in the coprecipitated
catalyst. Kaminsky et al. (27) have studied the Ba-doped
yttria oxidative coupling catalyst and proposed that the ac-
tive site were charge-deficient oxygen sites created as Ba2+

substitutes into Y3+ lattice sites. More recently, the dissolu-
tion of Sr2+ into Y2O3 has been suggested by Erarslanoglu
et al. to be the reason for the higher performance of the
Sr/Y2O3 (1 : 10 molar ratio) catalyst as compared to the un-
doped Y2O3 (28).

The effects of halides on the catalytic performance of
MgO and CaO have been demonstrated by Fujimoto et al.
(29). Both Cl− and Br− ions were reported to have positive
effects. Burch et al. (30, 31) carried out a series of studies on
the effect of chlorine over various catalysts. They found that
the pulse injection of gaseous chlorinated compounds over
MnO2-based catalysts, lithium-doped MgO, and Sm2O3

catalysts markedly increased the C2 selectivity. Moffat and
coworkers (32, 33) found that the addition of a small
amount of tetrachloromethane to the reactant stream could
improve the catalytic activity of La2O3, Pr6O11, and Sm2O3.
They attributed the improvement to oxychloride formation.
In recent years, a number of La–Ba–X (X=F, Cl, Br) cata-
lysts have been studied in our laboratory. Catalysts such as
LaF3/La2O3 (34), BaBr2/La2O3 (35), BaCO3/LaOBr (36),
BaCO3/LaOCl (37), and BaCO3/LaOF (38) were found to
perform well. In this paper, we illustrate how Y2O3 was pro-
moted by alkaline earth cations and halide anions. We also
report how we came to and consequently characterized the
30 mol% BaCl2/Y2O3 catalyst using techniques such as GC,
XRD, XPS, O2, and CO2 TPD, 18O/16O isotope exchange,
and TPR.

EXPERIMENTS

The MO/Y2O3 (M=Mg, Ca, Sr, Ba) and BaX2/Y2O3

(X=Cl, Br) catalysts were prepared by impregnating (with
constant heating and stirring to dryness) commercial Y2O3

(Shanghai Chemicals, purity >99.99%) respectively with a
solution of M(NO3)2 (MERCK, purity >99%) and BaX2.
The BaF2/Y2O3 catalysts were prepared by grinding the
right amounts of BaF2 (Beijing Chemicals, purity>98.6%)
with Y2O3. These catalysts were calcined in air at 800◦C for
5 h before being ground, tableted, crushed, and sieved into
40–80 mesh.

The reactions were carried out with 0.5 g of the catalyst
in a fix-bed quartz flow microreactor (i.d.= 4 mm) at atmo-
spheric pressure (36). A thermocouple was used to mea-
sure the reaction temperatures which were ranging from
600 to 800◦C at 50◦ intervals. Methane (Hong Kong Oxy-
gen Company, purity 99.5%), air, and nitrogen were passed
through the microreactor. The flow-rate of each gas was
controlled by a mass flow controller and was 8.3 ml min−1

for methane, 16 ml min−1 for air, and 25.7 ml min−1 for nitro-
gen; giving a contact time of 0.6 g s ml−1. The exit flow rate

was 50 ml min−1 as indicated by a flowmeter. The product
distribution was determined by a Shimadzu 8A TCD gas
chromatograph with Porapak Q and 5A molecular sieve
columns. The measurement for catalytic activity was taken
after an on-stream time of 1 h at a particular reaction tem-
perature. The reaction products were H2O, CO, CO2, C2H6,
and C2H4. As hydrogen was used as the carrier gas, H2 was
not detectable as a product. The activity of a catalyst was
expressed by means of methane conversion and C2 hydro-
carbon selectivity with accuracy estimated to be within 5%.
The calculation of methane conversion and selectivity for
C2 were based on total carbon balance. A carbon balance
of 100 ± 2% was obtained for every run over the catalysts.
The conversion of methane or oxygen was defined as

c(CH4 or O2) = moles CH4 or O2 converted
moles CH4 or O2 fed

× 100%

The selectivity for C2 products was calculated as

s(C2) = 2×moles (C2H4+C2H6) in products
moles CH4 converted to all products

× 100%

The yield for C2 product was given by

y(C2) = c(CH4)× s(C2).

The specific surface area of the catalysts was measured
by the BET method. The continuous flow chromatographic
technique was adopted with helium as the carrier gas and
nitrogen as the adsorbate. The method was based on the
amount of nitrogen adsorbed at low temperature (−196◦C)
and desorbed at higher temperature. The specific surface
areas of the catalysts were calculated according to the BET
equation.

The phase composition of catalysts before and after
OCM reaction was determined by an X-ray diffractometer
(D-MAX, Rigaku) with Cu Kα radiation (λ= 1.542 Å). The
pattern obtained was referred to the powder diffraction
file—PDF-2 Database for the identification of crystal struc-
tures. X-ray photoelectron spectroscopy (XPS, Leybold
Heraeus-Shengyang SKL-12) was performed to character-
ize the catalyst surface, using Mg Kα as the X-ray source.
The binding energies were calibrated to the Cls value of
contaminant carbon (284.6 eV). Surface compositions were
calculated using the equation

Xi = (Ai /Si )× 100
/∑

(Ai /Si ),

where Ai is peak area of XPS signal of element i and Si is
the corresponding atomic sensitivity factor.

For the O2 and CO2 TPD studies, 0.2 g of the sample
was placed in the middle of a quartz microreactor with
4-mm inner diameter. Silica was located at the bottom of
the catalyst bed to reduce the residual space. The gases,
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after passing through the microreactor, were analyzed on-
line by mass spectrometry (HP G1800A). The heating rate
was 15◦C min−1 and the temperature range was from room
temperature to 800◦C. Before performing the O2 TPD ex-
periments, the sample was first calcined in situ at 800◦C
for 1 h under an oxygen flow of 15 ml min−1, followed by
cooling in oxygen to room temperature and helium purg-
ing (flow rate= 20 ml min−1) for 30 min. In the CO2 TPD
experiments, the catalysts were first treated exactly as the
O2 TPD experiments before exposure to a flow of CO2 gas
(20 ml min−1) for 10 min at room temperature followed by
helium purging for 20 min.

For the analysis of chlorine content, the catalyst was first
digested in 0.1 M NaOH solution. The resulting solution was
neutralized by 2 M HNO3 solution and titrated against stan-
dardized AgNO3 solution using 0.005 M potassium chro-
mate as indicator (39).

The exchange between gas phase 18O2 and surface 16O
was studied in the temperature range of 100 to 800◦C, using
a pulse reaction system with a pulse size of 1.12µmol. Cata-
lyst (ca 0.2 g) was placed in a tubular quartz flow reactor
(i.d. 4 mm) and was treated with pure O2 and N2 (0.5 h each;
flow rate= 50 ml min−1) at 800◦C; 18O2 was then pulsed over
the catalyst at the desired temperature. The effluent from
the reactor was directed to a GC-MS (HP G1800A GCD)
system for analysis.

Temperature-programmed reduction (TPR) was con-
ducted by using a 7% H2–93% N2 (v/v) mixture. The flow
rate of the carrier gas was 50 ml min−1 and a thermal con-
ductivity detector was used; 0.2 g of sample was used and
the heating rate was 10◦C min−1.

The reducible oxygen studies were also performed on the
MS (HP G1800A) system. The pulse size of O2 was 65.7µL
(at 25◦C, 1 atm). The catalyst (0.2 g) was placed in a quartz
reactor and was first reduced in H2 at the desired temper-
ature for 1 h, followed by O2-pulsing at 800◦C. We kept on
pulsing O2 over the reduced sample until after passing the
catalyst, there was no observable decrease in O2-pulse size.
The total amount of O2 absorbed by the catalyst was then
estimated and expressed in mole per gram of catalyst.

RESULTS

Catalytic Performance of Y2O3 and MO (M=Mg, Ca,
Sr, Ba)-Promoted Y2O3 Catalysts

Table 1 shows the catalytic activities of the 30 mol%
MO/Y2O3 catalysts. It is clear that the addition of 30 mol%
of CaO, SrO, and BaO to Y2O3 has significantly enhanced
the conversion of CH4 and the selectivity to C2. As a re-
sult, compared to Y2O3, the C2 yield of the promoted
Y2O3 catalysts was nearly double. One can also see en-
hancement in the rate of CH4 reaction. Comparing the
four 30 mol% MO/Y2O3 catalysts, the SrO- and BaO-
promoted ones performed better than the CaO- and MgO-

promoted catalysts. The performance of the catalysts goes
along the series: Y2O3≈ 30 mol% MgO/Y2O3< 30 mol%
CaO/Y2O3< 30 mol% SrO/Y2O3≈ 30 mol% BaO/Y2O3.
The 30 mol% BaO/Y2O3 catalyst is slightly superior to the
30 mol% SrO/Y2O3 one, as the former performed better
at lower temperatures (650 and 700◦C). For the pure BaO,
the C2 yield was poor below 750◦C, but at 800◦C its per-
formance was matching that of the 30 mol% BaO/Y2O3

catalyst. Since the 30 mol% BaO/Y2O3 catalyst was the
best among the MO-promoted Y2O3 catalysts, we chose to
modify the Y–Ba catalyst with halogens with the hope to
achieve even better performance.

Catalytic Performance of BaX2 (X=F, Cl, Br)-Promoted
Y2O3 Catalysts

First we investigated the effects of halide ions. BaF2,
BaCl2, and BaBr2 were used instead of BaO for the modifi-
cation of Y2O3. From Table 2, one can see that all the BaX2-
promoted catalysts are good-performance catalysts. At 750
and 800◦C, C2 yields of ca 20–22.5% were achieved over
the 30 mol% BaF2/Y2O3 and 30 mol% BaCl2/Y2O3 cata-
lysts, with the latter being slightly superior to the former.
Over the 30 mol% BaBr2/Y2O3 catalyst, the C2 yield was
18.6% at 750◦C. Figure 1 gives a comparison of the Y2O3,
30 mol% BaO/Y2O3, and 30 mol% BaX2/Y2O3 catalysts.
Compared to a 30 mol% BaO/Y2O3 catalyst, the BaX2-
promoted Y2O3 catalysts can give better C2 selectivities (im-
proved from ca 40 to 50%) above 700◦C. There were slight
decreases in CH4 conversions over the BaF2- and BaBr2-
promoted Y2O3 catalysts. Over the 30 mol% BaCl2/Y2O3

catalyst, however, CH4 conversion was slightly higher than
the 30 mol% BaO/Y2O3 catalyst. As far as the C2 yield is
concerned, all the BaX2-promoted catalysts performed bet-
ter than the BaO-promoted one at 750 and 800◦C. For pure
BaCl2, the C2 yield was poor below 750◦C. At 800◦C, it was
14.6%.

Effects of BaCl2 and BaO Loadings on the BaO/Y2O3

and BaCl2/Y2O3 Catalysts

Figure 2 shows that as the loadings of BaO increased from
0 to 50 mol% in the BaO/Y2O3 catalysts, the conversion of
methane increased from ca 30 to 47% at OCM reaction
temperatures of 750 and 800◦C. Over the BaCl2/Y2O3 cata-
lysts, methane conversion increased rather similarly from
0 to 30 mol% BaCl2 loadings. Between 40 and 50 mol%,
there was a drop (ca 4%) in methane conversion. One can
see that with the addition of BaCl2 to Y2O3, C2 selectivity
was greatly enhanced (from ca 26 to 55%). For the BaO-
promoted catalysts, C2 selectivity was ranging from ca 22
to 50%. The BaCl2/Y2O3 catalysts are outstandingly supe-
rior to the BaO/Y2O3 catalysts in C2 selectivity between the
range of 0 to 40 mol% loadings. At 50 mol%, the C2 selec-
tivities over the two catalysts were rather close. Actually, at
50 mol% loadings, the BaO/Y2O3 catalyst performed better
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TABLE 1

The Catalytic Performance of Y2O3 and MO (M=Mg, Ca, Sr, Ba)-Promoted Y2O3 Catalysts

Conversion (%) Selectivity (%)
T C2 yield Rate of CH4 reaction

Catalyst (◦C) CH4 O2 COx C2H4 C2H6 C2 (%) (1017 molecules m−2 s−1)

Y2O3 600 25.0 89.0 88.5 4.80 6.70 11.5 3.00 0.46
650 25.9 89.5 84.7 7.90 7.40 15.3 4.00 0.46
700 26.8 91.5 79.1 13.3 7.60 20.9 5.60 0.47
750 30.3 92.8 73.8 18.0 8.20 26.2 7.80 0.53
800 31.8 92.0 73.1 16.3 8.60 26.9 8.60 0.56

MgO/Y2O3 600 23.0 82.0 84.6 7.70 7.70 15.4 3.50 0.40
650 24.1 88.0 76.4 14.2 9.40 23.6 5.70 0.42
700 26.6 87.5 70.6 18.9 10.5 29.4 7.80 0.46
750 27.2 90.0 70.0 20.0 10.0 30.0 8.10 0.48
800 24.8 88.0 75.2 17.7 7.10 24.8 6.20 0.43

CaO/Y2O3 600 34.1 87.2 71.9 13.8 15.3 28.1 9.60 0.75
650 38.9 91.0 64.0 21.0 15.0 36.0 14.0 0.86
700 37.4 90.0 59.3 23.7 17.0 40.7 15.2 0.82
750 38.9 97.6 63.9 22.2 13.9 36.1 14.0 0.86
800 36.7 98.0 70.9 20.8 8.30 29.1 10.7 0.81

SrO/Y2O3 600 28.1 75.0 81.3 7.00 12.7 18.7 5.30 0.93
650 36.0 93.0 66.7 18.2 15.1 33.3 12.0 1.20
700 38.5 96.0 56.9 27.1 16.0 43.1 16.6 1.30
750 38.6 96.1 56.7 28.4 14.9 43.3 16.7 1.30
800 36.6 97.0 62.4 28.2 9.40 37.6 13.8 1.20

BaO/Y2O3 650 42.3 90.0 60.0 23.4 16.6 40.0 16.8 1.40
700 43.2 96.2 60.6 21.5 17.9 39.4 17.0 1.43
750 39.7 97.5 60.5 23.0 16.5 39.5 15.7 1.31
800 39.1 97.7 68.7 20.1 11.2 31.3 12.2 1.29

Pure BaO 650 1.00 4.00 100 0.00 0.00 0.00 0.00 0.01
700 3.00 19.2 58.8 0.00 41.2 41.2 0.00 0.31
750 10.1 28.1 37.3 22.2 40.5 62.7 6.30 1.05
800 21.2 69.0 40.8 32.9 26.3 59.2 12.6 2.21

Note. The loading of MO on Y2O3 was 30 mol%. CH4 : O2 : N2, 2.47 : 1 : 11.4. The total flow rate was 50 ml min−1. Contact
time, 0.6 g s ml−1. The weight of catalyst was 0.5 g.

than the BaCl2/Y2O3 catalyst. C2 yields of ca 24% were
achieved at 750 and 800◦C. Over the 50 mol% BaCl2/Y2O3,
they were ca 17 and 21% respectively at 750 and 800◦C.
The C2 yield obtained over the 40 mol% BaO/Y2O3 and the
40 mol% BaCl2/Y2O3 catalysts were rather similar, around
21%. Below 40 mol%, the BaCl2/Y2O3 catalysts definitely
out-performed the BaO/Y2O3 catalysts.

BET, XRD, and XPS Studies

Figure 3 reveals that the specific surface areas of the
BaCl2/Y2O3 catalysts decreased as the BaCl2 loadings in-
creased. Between 0 and 30 mol% BaCl2 loadings, the
specific surface areas of the fresh BaCl2/Y2O3 catalysts de-
creased from ca 10.4 to 5.6 m2 g−1. There was another de-
crease of ca 1.0 m2 g−1 from 20 to 50 mol%. For the catalysts
used in OCM reactions at 800◦C, the specific surface areas
became even smaller. The value for the used Y2O3 catalyst
was ca 7.0 m2 g−1. For the used 40 and 50 mol% BaCl2/Y2O3

catalysts, the specific surface areas were ca 1.3 m2 g−1. Sim-
ilarly, a fresh 30 mol% BaO/Y2O3 catalyst has a specific

surface area of ca 6.0 m2 g−1 before OCM reaction. After
OCM reaction at 800◦C, it was ca 3.9 m2 g−1. Hence, with
the increase in BaO or BaCl2 loadings on Y2O3, there was
reduction in specific surface area. In general, the specific
surface areas of the catalysts reduced further during OCM
reactions.

XRD investigations revealed that for the fresh 30 mol%
BaO/Y2O3 catalyst, there were weak signals of orthorhom-
bic BaO and BaCO3 along with the cubic Y2O3 signals. For
the fresh 30 mol% BaCl2/Y2O3 catalyst, only Y2O3 signals
were detected. However, after OCM reaction, weak sig-
nals due to orthorhombic Ba3Cl4CO3 and BaCO3 were ob-
served. Based on detailed XRD investigations, we know
that the size of the Y2O3 lattice increased as the BaO and
BaCl2 loadings of the BaO/Y2O3 and BaCl2/Y2O3 catalysts
increased (Fig. 4). The crystal structure of Y2O3 is of the
fluoride type (40). The length (a0) of the unit cell edge is
10.604 Å. For the fresh BaO/Y2O3 catalysts, a0 increased
only slightly with the increase of BaO loadings from 0 to
40 mol%. At 50 mol%, a0 was 10.613 Å. After the OCM



BaO- AND BaCl2-PROMOTED Y2O3 CATALYSTS 235

TABLE 2

The Catalytic Performance of BaX2 (X=F, Cl, Br)-Promoted Y2O3 Catalysts

Conversion (%) Selectivity (%)
T C2 yield Rate of CH4 reaction

Catalyst (◦C) CH4 O2 COx C2H4 C2H6 C2 (%) (1017 molecules m−2 s−1)

BaF2/Y2O3 650 12.9 64.4 79.1 6.30 14.6 20.9 2.70 0.98
700 30.6 80.1 62.1 20.4 17.5 37.9 11.6 2.33
750 38.2 91.4 53.4 29.9 16.7 46.6 17.8 2.91
800 39.0 93.3 49.6 33.3 17.1 50.4 19.7 2.97

BaCl2/Y2O3 650 19.8 33.9 67.9 13.3 18.8 32.1 6.30 0.59
700 32.3 67.3 55.6 25.6 18.8 44.4 14.3 0.97
750 40.6 86.5 49.7 36.7 13.6 50.3 20.5 1.22
800 43.2 92.9 48.3 39.7 12.0 51.7 22.3 1.31

BaBr2/Y2O3 650 31.0 82.1 63.9 25.8 10.3 36.1 11.2 0.71
700 36.7 93.1 54.9 36.5 8.60 45.1 16.5 0.84
750 38.2 94.1 51.4 41.3 7.30 48.6 18.6 0.87
800 35.7 94.3 52.7 37.2 10.1 47.3 16.9 0.82

Pure BaCl2 650 0.74 3.00 30.2 0.00 69.8 69.8 0.52 0.03
700 1.73 6.00 26.1 0.00 73.8 73.8 1.28 0.06
750 5.14 15.0 17.6 25.2 57.2 82.4 4.24 0.19
800 17.5 35.1 16.5 56.6 26.9 83.5 14.6 0.54

Note. The loading of BaX2 was 30 mol%. The reaction conditions were the same as those in Table 1.

reaction, the BaO/Y2O3 catalysts showed much larger a0

values. It was ca 10.620 Å at 30, 40, and 50 mol% loadings.
For the fresh BaCl2/Y2O3 catalysts, the a0 values increased
gradually from 10.604 to ca 10.627 Å as the BaCl2 load-
ings increased from 0 to 50 mol%. After OCM reaction, a0

increased to ca 10.638 Å.
For the BaCl2/Y2O3 catalyst, the Ba3d5/2 and Cl2p peaks

were at ca 781.0 and 199.0 eV binding energies, respectively.
The Y3d peak was at ca 158.0 eV. Based on the XPS peak
areas and the atomic sensitivity factors of the elements,
the elemental compositions on the surfaces of the fresh
and used 30 mol% BaCl2/Y2O3 catalyst were calculated
(Table 3). There was a distinct decrease in Ba/Y ratio after
12 h of the OCM reaction. There was no significant change
in surface chlorine composition during the OCM reaction.
Similar results (not shown) were obtained over the 10 and
50 mol% BaCl2/Y2O3 catalysts.

Performance of 30 mol% BaCl2/Y2O3 as Related to
Reaction Time, Contact Time and CH4/O2 Ratio

The 30 mol% BaCl2/Y2O3 (0.5 g) was found to be rather
stable within a reaction time of 40 h (Fig. 5). At 750◦C, with

TABLE 3

Surface Elemental Composition of the 30 mol% BaCl2/Y2O3 Cata-
lyst before and after OCM Reaction of 12 h, Based on the XPS Data

Ba (%) Cl (%) Y (%) O (%) C (%) Ba/Y

Before 6.0 11.5 24.7 47.6 10.7 0.24
12 h 1.6 11.5 26.2 39.0 21.8 0.06

CH4 : O2 : N2= 2.47 : 1 : 11.4 and contact time= 0.6 g s ml−1,
the CH4 conversion, C2 selectivity, and C2 yield stayed
around 41, 51, and 21%, respectively. The C2H4/C2H6 ratio
remained at 2.6 within the 40 h of testing time. However,
the catalyst was losing chlorine during the reaction. At 4,
8, 12, 16, and 20 h, the losses of chlorine were around 3.5,
8.3, 13.5, 13.6, and 15.5% of the original amount. Appar-
ently, the loss of ca 15.5% of chlorine from the 30 mol%
BaCl2/Y2O3 catalyst has little effect on the performance of
the catalyst.

At 750◦C and with a contact time of 0.36 g s ml−1, the
variation of the CH4/O2 ratio from 1 to 5 would cause the
CH4 conversion and the C2H4/C2H6 ratio to drop from ca
75 to 29% and from ca 4.5 to 1.4, respectively (Fig. 6a).
The C2 selectivity increased from ca 10.6 to 60.0%. The
C2 yield was ca 12% at CH4/O2= 1 and reached 19.5% at
CH4/O2= 2, and then slightly decreased to reach ca 18% at
CH4/O2= 5.

Figure 6b shows that at 750◦C and with CH4/O2= 2.47,
as the contact time increased from 0.06 to 0.86 g s ml−1,
CH4 conversion and C2H4/C2H6 ratio increased from ca
13 to 41% and from 0.7 to 2.7, respectively. The C2 selec-
tivity, however, decreased from ca 57 to 40%. When the
contact time was at or above 0.12 g s ml−1, the C2 yield
stayed around 19%. The effect of changing the contact
time between 0.2 and 0.7 g s ml−1 on the C2 yield was not
significant.

O2 and CO2 TPD Studies of BaO/Y2O3 and BaCl2/Y2O3

Figure 7 shows the O2 TPD spectra of the fresh 0–
50 mol% BaO/Y2O3 catalysts. For comparison, the O2 TPD
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FIG. 1. Comparison of the catalytic performance of the Y2O3 (r),
30 mol% BaO/Y2O3 (d), 30 mol% BaF2/Y2O3 (¥), 30 mol% BaCl2/Y2O3

(m), and 30 mol% BaBr2/Y2O3 (∗) catalysts: (a) CH4 conversion; (b) C2

selectivity; and (c) C2 yield. Reaction conditions were the same as those
in Table 1.

FIG. 2. The catalytic performance of 30 mol% BaO/Y2O3 (hollow
symbols) and 30 mol% BaCl2/Y2O3 (solid symbols) catalysts at (a) 750
and (b) 800◦C as related to BaO and BaCl2 loadings: (n) CH4 conversion;
(e) C2 selectivity; and (¤) C2 yield.
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FIG. 3. The specific surface areas of BaCl2/Y2O3 (n) catalysts before
(hollow symbols) and after (solid symbols) OCM reactions at 800◦C as re-
lated to BaCl2 loading. Also shown for comparison are the specific surface
areas of the 30 mol% BaO/Y2O3 (s) catalyst.

spectrum of a 30 mol% BaO/Y2O3 catalyst used in OCM
reaction was also presented (Fig. 7d′). With no BaO, Y2O3

gave an O2 TPD peak at 400◦C. The amount of O2 des-
orbed was ca 0.07× 10−5 mol g−1. With the additions of 10
and 20 mol% BaO, this peak increased in intensity and at
30 mol% BaO loading, a shoulder was clearly developed at
480◦C. The O2 TPD profile of a 30 mol% BaO/Y2O3 cata-
lyst used in OCM reaction is very similar to that of a fresh
30 mol% BaO/Y2O3 catalyst. The total O2 desorbed was ca
3.7× 10−5 mol g−1. At 40 and 50 mol% BaO loadings, the O2

TPD spectrum showed a broad peak centred at ca 480◦C.
The intensities of the O2 TPD peaks increased further with
the increase in BaO loading.

For the fresh 0–70 mol% BaCl2/Y2O3 catalysts, the O2

TPD peaks shifted gradually from 400 to ca 480◦C. The
intensities of the peaks decreased as the loading of BaCl2
increased (Fig. 8). The amount of O2 desorbed from a fresh
30 mol% BaCl2/Y2O3 catalyst was ca 0.04× 10−5 mol g−1.
For a 30 mol% BaCl2/Y2O3 catalyst used in OCM reac-
tion for 4 h, another peak at ca 350◦C developed besides
the 450◦C peak (Fig. 9). After 8 or 12 h of OCM reaction,
the O2 TPD profile showed two components at ca 367 and
461◦C. Such O2 TPD profile appeared to be quite similar to
that obtained over a 30 mol% BaO/Y2O3 catalyst used in
OCM reaction (Fig. 7d′). The amount of O2 desorbed was

around 0.11× 10−5 mol g−1. The results imply that in the
course of the OCM reaction, a 30 mol% BaCl2/Y2O3 cata-
lyst was changing in nature and was developing a character
that resembled a 30 mol% BaO/Y2O3 catalyst.

Such notion is supported by the CO2 TPD results
obtained over the 30 mol% BaO/Y2O3 and 30 mol%
BaCl2/Y2O3 catalysts. For the CO2 TPD profile obtained
over a fresh Y2O3 catalyst, there were peaks at ca 100, 140,
and 335◦C and shoulders at 175 and 500◦C (Fig. 10). Clearly,
there were basic sites of various strength existed on the sur-
face. For a fresh 30 mol% BaO/Y2O3 catalyst, only weak
peaks were observed at 90 and 140◦C; implying the catalyst
was low in surface basicity. CO2 desorption was observed
above 650◦C, possibly due to the decomposition of surface
carbonate species. For a fresh 30 mol% BaCl2/Y2O3 cata-
lyst, peaks were observed at 100 and 140◦C and a large
broad band at 500◦C. However, after OCM reaction, the
30 mol% BaCl2/Y2O3 catalyst exhibited a profile very sim-
ilar to that of a fresh 30 mol% BaO/Y2O3 catalyst: there
were small CO2 desorption peaks at ca 100 and 188◦C and
large desorption above 600◦C. In other words, during OCM
reaction, the 30 mol% BaCl2/Y2O3 catalyst was changing
into somewhat like a 30 mol% BaO/Y2O3 catalyst, with the
lowering in surface basicity being observed.

18O/16O Isotope Exchange over Y2O3, 30 mol%
BaO/Y2O3, and 30 mol% BaCl2/Y2O3

Figure 11b reveals that the exchange of 18O and 16O
was most efficient over the 30 mol% BaO/Y2O3 cata-
lyst. Single exchange product 18O16O came to a maximuim

FIG. 4. The change of the lattice parameter, a0, of Y2O3 in BaO/Y2O3

(s) and BaCl2/Y2O3 (n) catalysts before (hollow symbols) and after (solid
symbol) OCM reaction at 800◦C as related to BaO and BaCl2 loadings.
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FIG. 5. Life study of the 30 mol% BaCl2/Y2O3 catalyst at 750◦C: (r) CH4 conversion; (¥) C2 selectivity; (n) C2 yield; and (×) C2H4/C2H6 ratio.

at 383◦C and complete 16O2 production was observed at
504◦C. Over Y2O3, the respective temperatures were at 640
and 778◦C (Fig. 11a). Over the 30 mol% BaCl2/Y2O3 cata-
lyst, they were at 600 and 745◦C (Fig. 11c). Based on these
18O/16O isotope exchange results, one can conclude that
the rates of 18O/16O exchange over the three catalysts de-
creased in the order of 30 mol% BaO/Y2O3À 30 mol%
BaCl2/Y2O3>Y2O3.

Reduction Studies of Y2O3, 30 mol% BaO/Y2O3,
and 30 mol% BaCl2/Y2O3

Temperature programmed reduction results of the three
catalysts are shown in Fig. 12. For the Y2O3 catalyst within
the range of 100 to 800◦C, reduction was not significant. For
the 30 mol% BaO/Y2O3 catalyst, reduction occurred at ca
400◦C and there was a band at 480◦C and above 600◦C, re-
duction was very significant. As for a 30 mol% BaCl2/Y2O3

catalyst, reduction occurred at ca 500◦C and a band centred
at ca 610◦C existed. It is clear that reduction was continuing
above 750◦C. After OCM reaction of 8 h, the TPR profile
of a 30 mol% BaCl2/Y2O3 catalyst showed a broad band
stretching from 480 to well above 800◦C.

In order to estimate the amount of reducible oxygen ex-
isted in the three catalysts, the catalysts were first reduced
in H2 at a desired temperature and then pulses of O2 were
passed through the catalysts at 800◦C. From the amount of
O2 absorbed over each catalyst, one can measure indirectly
the amount of oxygen removed in H2-reduction. The idea

was based on the assumption that the vacancies generated
in H2-reduction will be eventually occupied by oxygen ions
during O2 pulsing. Table 4 shows the amount of absorbed
O2 at 800◦C before the occurrence of zero diminution in O2

pulse size over the three catalysts. It is clear that the amount
of reducible oxygen in the 30 mol% BaO/Y2O3 catalyst was
much higher than those in the other two catalysts. Com-
pared to a fresh catalyst, the used 30 mol% BaCl2/Y2O3

catalyst contained more reducible oxygen. The threshold
temperatures for reduction to occur over the 30 mol%
BaO/Y2O3, 30 mol% BaCl2/Y2O3, and Y2O3 catalysts were
respectively ca 400, 600, and 700◦C.

TABLE 4

The Amount of Oxygen Absorbed at 800◦C over the Y2O3,
30 mol% BaO/Y2O3 and 30 mol% BaCl2/Y2O3 Catalysts H2-Re-
duced at Various Temperatures

Tempe- 30 mol% 30 mol% 30 mol%
rature Y2O3 BaO/Y2O3 BaCl2/Y2O3 BaCl2/Y2O3

a

(◦C) (10−6 mol g−1) (10−6 mol g−1) (10−6 mol g−1) (10−6 mol g−1)

300 0.0 0.0 0.0 0.0
400 0.0 0.94 0.0 0.17
500 0.0 3.56 0.0 0.39
600 0.0 4.38 0.16 0.62
700 0.41 6.53 0.73 0.79
750 0.65 6.57 1.30 1.39
800 1.69 7.71 1.76 2.59

a After OCM reaction of 8 h.
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FIG. 6. The catalytic performance of a 30 mol% BaCl2/Y2O3 catalyst (0.3 g) at 750◦C as related to (a) CH4/O2 ratio (contact time fixed at 0.36 g s ml−1)
and (b) contact time (CH4 : O2 : N2 fixed at 2.47 : 1 : 11.4): (n) CH4 conversion; (e) C2 selectivity; (¤) C2 yield; and (s) C2H4/C2H6 ratio.
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FIG. 7. O2 TPD spectra of (a) Y2O3, (b) 10 mol% BaO/Y2O3, (c)
20 mol% BaO/Y2O3, (d) 30 mol% BaO/Y2O3, (e) 40 mol% BaO/Y2O3,
and (f) 50 mol% BaO/Y2O3 catalysts before OCM reaction. Also shown
(d′) for comparison is the O2 TPD spectrum of a 30 mol% BaO/Y2O3

catalyst after 8 h in OCM reaction at 800◦C.

FIG. 8. O2 TPD spectra of (a) Y2O3, (b) 10 mol% BaCl2/Y2O3,
(c) 20 mol% BaCl2/Y2O3, (d) 30 mol% BaCl2/Y2O3, (e) 40 mol% BaCl2/
Y2O3, (f) 50 mol% BaCl2/Y2O3, and (g) 70 mol% BaCl2/Y2O3 catalysts
before OCM reaction.

FIG. 9. O2 TPD spectra of a 30 mol% BaCl2/Y2O3 catalyst used in
OCM reaction at 800◦C for (a) 0 h, (b) 4 h, (c) 8 h, and (d) 12 h.

DISCUSSION

For the Y2O3 catalyst at 800◦C, CH4 conversion, C2 selec-
tivity, and C2 yield were 31.8, 26.9, and 8.6%, respectively.
Based on the data in Table 1, it is clear that BaO, SrO, and
CaO can promote Y2O3 better than MgO for the OCM
reaction. As for the halides of barium, both 30 mol% of
BaCl2 and BaF2 can promote Y2O3 better than 30 mol%
of BaO (Table 2). In this paper, we shall concentrate on
the effects of BaCl2 on Y2O3. The effects of BaF2 on Y2O3

will be reported elsewhere. Over a 30 mol% BaCl2/Y2O3

catalyst, CH4 conversion, C2 selectivity, and C2 yield of

FIG. 10. CO2 TPD spectra of (a) Y2O3, (b) 30 mol% BaO/Y2O3, and
(c) 30 mol% BaCl2/Y2O3. Also shown (c′) is the CO2 TPD spectra of a
30 mol% BaCl2/Y2O3 catalyst after 8 h in OCM reaction at 800◦C.
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FIG. 11. 18O/16O isotope exchange over (a) Y2O3, (b) 30 mol% BaO/
Y2O3, (c) 30 mol% BaCl2/Y2O3 catalysts: (r) 16O2, (m) 18O2, and (¥)
18O16O.

43.2, 51.7, and 22.3% could be achieved at 800◦C. Over
a 30 mol% BaO/Y2O3 catalyst, they were 39.1, 31.3, and
12.2%. It seems that BaO can improve both CH4 conver-
sion and C2 selectivity while BaCl2 can further improve the
C2 selectivity when the reaction temperatures were above
700◦C (Figs. 1 and 2). With the addition of BaCl2 to Y2O3,
the specific surface areas of the fresh BaCl2/Y2O3 catalysts
reduced. For a fresh 30 mol% BaCl2/Y2O3 catalyst, only
cubic Y2O3 crystal phase was detected by XRD. After the
OCM reaction, Ba3Cl4CO3 and BaCO3 were detected. For a
fresh 30 mol% BaO/Y2O3 catalyst, we detected the BaCO3

crystal phase. Based on the detection of barium compounds
and the reduction in specific surface areas of the catalysts
when BaCl2 and BaO were added to Y2O3, we can be sure
that sintering of surface barium compounds had occurred
on Y2O3, especially during OCM reactions. Although chlo-
rine content analysis showed that there was a chlorine loss
of up to 13.5% of the original amount after 12 h of reaction,
the amount of Cl on the surface, as revealed by XPS stud-
ies, was rather constant. This could be the reason why the
performance of the catalyst at this point of reaction time
was not affected by the loss in chlorine content. The reduc-
tion in Ba/Y ratio could be a result of surface sintering of
barium compound(s). With the formation of particles, the
“surface” of barium compound(s) reduced and so was the
Ba3d5/2 XPS signal.

Detailed XRD investigations of the BaO/Y2O3 and
BaCl2/Y2O3 catalysts revealed that the addition of BaO
or BaCl2 to Y2O3 could result in the enlargement of the
Y2O3 lattice. Such change in lattice structure of Y2O3 could
be a result of ionic substitutions. Ba2+ ions (radius, 1.43 Å
(41)) are larger than Y3+ ions (radius, 0.88 Å (41)) and

FIG. 12. TPR spectra of (a) Y2O3, (b) 30 mol% BaO/Y2O3, (c)
30 mol% BaCl2/Y2O3 catalysts, and (d) a 30 mol% BaCl2/Y2O3 catalyst
after OCM reaction at 800◦C for 8 h.
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carry smaller charge. If certain amount of Y3+ ions were
replaced by Ba2+ ions, being bigger in size and inducing
smaller coulombic force, the Ba2+ ions occupying lattice
points of the Y2O3 phase will cause the Y2O3 lattice to ex-
pand. We found that BaCl2 addition could enlarge the Y2O3

lattice even further, especially during the OCM reactions.
Hence the reduction in surface Ba/Y ratio detected after
the OCM reactions could be partly due to the diffusion of
Ba2+ ions into the bulk of Y2O3. Along with the infiltration
of the Ba2+ ions, certain amount of O2− ions (radius, 1.40 Å
(41)) inside the Y2O3 lattice could be replaced by the in-
coming Cl− ions (radius, 1.81 Å (41)). If this happened, an
electron would be trapped next to the Cl− ion to maintain
electric neutrality, and the Y2O3 lattice would enlarge even
more. It is clear that such actions of ionic substitution were
occurring during the OCM reactions because the Y2O3 lat-
tices of the 30 mol% BaO/Y2O3 and 30 mol% BaCl2/Y2O3

catalysts were found to enlarge further after the OCM re-
actions (Fig. 4). Lattice distortions of Y2O3 have been de-
tected by Osada et al. in the Y2O3–CaO catalysts (26). The
increase in C2+ selectivity at 600 and 700◦C with the ad-
dition of Y2O3 (below 50 mol%) to CaO was attributed
to the formation of a solid solution of Y2O3–CaO and to
the presence of interstitial oxygen ions O−2 . In our previ-
ous studies, we found that ionic substitutions of similar na-
ture inside the 20 mol% SrF2/SmOF catalyst would induce
the formation of trapped electrons (42). In our studies of a
5 mol% Y2O3/BaF2 catalyst, we detected EPR signals of
trapped electrons and O−2 ions (43). Hence, the addition of
BaO and BaCl2 to Y2O3 can alter the surface as well as the
bulk natures of Y2O3. On the surface, barium compounds
accumulated and in the bulk, replacements of Y3+ by Ba2+

ions and O2− by Cl− ions occurred. As both pure BaO and
BaCl2 performed rather poorly below 800◦C in OCM reac-
tions (Tables 1 and 2), the accumulation of BaO or BaCl2 on
Y2O3 cannot explain the enhanced performance over the
promoted catalysts. In other words, Y2O3 was not acting
solely as support. We advocate the proposal of Kaminsky
et al. in their Ba/Y2O3 studies (27) and conclude that the su-
periority in catalytic performance of the BaO- and BaCl2-
promoted Y2O3 catalyst is due to ionic substitutions oc-
curred inside the lattice of Y2O3.

It has been pointed out that the reduction in specific sur-
face area of the 0–90 mol% BaCO3/LaOCl catalysts could
improve C2 selectivity but not necessarily reduce CH4 con-
version (37). It is because according to the following chemi-
cal equations, for a limited amount of oxygen, as more CH4

were converted to C2 compounds due to the suppression in
CH4 deep oxidation, CH4 conversion was in fact enhanced:

Complete oxidation, CH4 + 2O2 → CO2 + 2H2O

C2 generation, 2CH4 +O2 → C2H4 + 2H2O

2CH4 + 1
2 O2 → C2H6 +H2O.

The net result was that, although there was reduction in
specific surface areas, the conversion of methane changed
little. From Fig. 2, between 0 and 40 mol% BaCl2 loadings,
the addition of BaCl2 has greatly improved the C2 selectiv-
ity and even though there was reduction in specific surface
area, the CH4 conversion over the BaCl2/Y2O3 catalysts im-
proved. Above 40 mol% BaCl2 loading and at 750◦C, both
CH4 conversion and C2 selectivity dropped. We believe it
is a result of surface accumulation of Ba3Cl4CO3 crystals
which might not be active in the OCM reaction. As for
the BaO/Y2O3 catalysts, there were steady improvements
in CH4 conversion and C2 selectivity as the loading of BaO
increased from 0 to 50 mol%. At 750 and 800◦C, the 40 and
50 mol% BaO/Y2O3 catalysts were inferior to the corre-
sponding BaCl2/Y2O3 in C2 selectivity but definitely supe-
rior in CH4 conversion. The net effect is that at 50 mol%
loading, the BaO/Y2O3 catalyst has higher C2 yield than the
BaCl2/Y2O3 catalyst.

Based on the O2 TPD results in Fig. 7, we know that con-
siderable amounts of O2 can desorb from the Y2O3 and 10 to
50 mol% BaO/Y2O3 catalysts. Compared to these amounts,
the O2 desorbed from the 10 to 70 mol% BaCl2/Y2O3 cata-
lysts were very small. It is clear that the presence of Cl− ions
has depleted the amount of oxygen species present in the
BaCl2/Y2O3 catalysts. After prolongedly used in OCM re-
actions, the 30 mol% BaCl2/Y2O3 catalyst changed to some-
what like a 30 mol% BaO/Y2O3 catalyst (Figs. 9 and 10).
Such changes in the nature of the 30 mol% BaCl2/Y2O3

catalyst apparently had no drastic effect on the performance
of the catalyst (Fig. 5).

Osada et al. (26) have reported the formation of
Y2O3–CaO solid solution in their studies of binary oxides
Y2O3–CaO as OCM catalysts. They concluded that the for-
mation of the solid solution would result in a lowering of sur-
face basicity, thereby increasing the activity and selectivity
at temperatures below 700◦C. In our studies, we found that
the 30 mol% BaO/Y2O3 catalyst performed well at 650◦C
(Fig. 2), possibly due to similar reasons. From Fig. 10, we
know that the BaO/Y2O3 catalyst has low surface basicity.
Based on the 18O/16O isotope exchange data over the fresh
Y2O3, 30 mol% BaO/Y2O3, and 30 mol% BaCl2/Y2O3 cata-
lysts, 30 mol% BaO/Y2O3 appeared to be more likely to get
involved in oxidation reaction than the others. This notion
is supported by the reduction studies of the three catalysts.
Not only the 30 mol% BaO/Y2O3 catalyst can be reduced at
lower temperatures, it also contain more reducible oxygen
than the two other catalysts (Table 4). In other words, the
30 mol% BaO/Y2O3 catalyst is more ready to enhance CH4

conversion and CH4 deep oxidation than the two catalysts.
That is why there was considerable decrease in C2 selec-
tivity above 750◦C over the BaO-promoted catalyst. The
30 mol% BaCl2/Y2O3 catalyst is superior to the 30 mol%
BaO/Y2O3 catalyst in that it can suppress CH4 deep oxida-
tion and enhance C2 selectivity. Such an effect became most



BaO- AND BaCl2-PROMOTED Y2O3 CATALYSTS 243

apparent at temperatures above 700◦C. From 650 to 800◦C,
there were gradual increases in CH4 conversion (from 19.8
to 43.2%) and C2 selectivity (from 32.1 to 51.7%). As sug-
gested by Kaminsky et al. (27), the substitution of Ba2+ into
Y3+ lattice sites in the Ba-doped Y2O3 catalyst was tempera-
ture dependent and could create more active sites at higher
temperatures. We interpret that, although more active sites
were created for CH4 activation, there was the presence of
chloride ions to inhibit deep oxidation reactions. Since CH4

deep oxidation was smothered and the CH4 activated was
channeled to C2 formation, there were increases in both
CH4 conversion and C2 selectivity.

CONCLUSION

Based on the catalytic performance of the MX2/Y2O3

(M=Mg, Ca, Sr, Ba, and X=F, Cl, Br) catalysts, we have
developed the 30 mol% BaCl2/Y2O3 catalyst for the OCM
reaction. Both BaO and BaCl2 can promote the catalytic
performance of Y2O3 in the OCM reaction. BaO can im-
prove the conversion of CH4 as well as the selectivity to C2

products. The use of BaCl2 can improve the C2 selectivity
value even further. It has been found that with the addition
of BaO and BaCl2 to Y2O3, the surface and bulk natures
of Y2O3 changed significantly. Barium compounds were ac-
cumulated on the surface and ionic substitution occurred
inside the Y2O3 lattice. We have proven that there was loss
(up to ca 15.5% of the original amount) in chlorine from
the 30 mol% BaCl2/Y2O3 catalyst during 20 h of OCM reac-
tion at 750◦C but the performance of the catalyst was stable
within the test period of 40 h. Based on the O2 and CO2 TPD
studies, we know that the 30 mol% BaCl2/Y2O3 catalyst was
changing to somewhat like a 30 mol% BaO/Y2O3 catalyst.
From the reduction studies of the catalysts, we found that
the 30 mol% BaO/Y2O3 catalyst has the highest amount of
reducible oxygen. The 30 mol% BaCl2/Y2O3 catalyst was
able to provide a relatively smaller amount of reducible
oxygen than the 30 mol% BaO/Y2O3 one. Hence, the C2

selectivity obtained over the 30 mol% BaCl2-promoted cat-
alyst was high.
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