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Abstract 

The catalytic behaviors for oxidative coupling of methane (OCM) over BaF2-promoted CeO2, 
Pr60~ and Tb407 catalysts have been studied. It was found that methane conversions, C2 
selectivities and C2H4/C2H6 ratios over the BaF2-promoted catalysts were significantly higher than 
those over the corresponding oxides. The maximum C2 selectivity (57.5%) and yield (19.3%) were 
obtained over the BaF2]Pr6011 (Ba/Pr=-2) catalyst under the conditions of 1073 K, CH4:O2=3:1 and 
GHSV=20 000 h -1. XRD analysis indicated that partial ion exchange took place during the catalyst 
preparation, leading to the contraction of BaF2 lattice and/or the formation of rare earth 
oxyfluorides, XRD, XPS and TPR measurements revealed that the concentrations of quadrivalent 
rare earth ions and reducible oxygen species decreased after adding BaF2 to the rare earth oxides. 
This will be favorable to decreasing the chance of deep oxidation of methyl radicals and C2 
hydrocarbons and thus will result in an increase of C2 selectivity. Since there is a certain correlation 
between methane conversion and C2 selectivity for an oxygen-limited OCM reaction, methane 
conversion will also be found to increase along with the increase of C2 selectivity. However, no 
direct relationship between the surface acidity/basicity and catalytic activity/selectivity was 
observed over these catalysts. 

Keywords: Methane: Oxidative coupling; Rare earth oxides; BaFz; Ion exchange 

I. Introduction 

The oxidative coupling of methane (OCM) to ethene and ethane is an attractive 
reaction to convert natural gas into valuable chemicals. Since the pioneering work 
by Keller and Bhasin [1], OCM has become a subject of intense research world- 
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wide in recent years. Almost all elements in the periodic table have been studied as 
OCM catalysts [2]. In rare earth oxide OCM catalysts, La203, Nd203 and Sm203 
have been extensively studied due to their high catalytic activities and selectivities 
as well as satisfactory thermal stabilities [3-6]. However, poor C2 selectivities 
were obtained over CeOz, Pr6Oll, and Tb407 [3,4,7] due to their high oxidation 
reactivities to methyl radicals [4]. In order to improve the catalytic performance of 
these multivalent rare earth oxides for OCM reaction, some promoters, usually 
alkali-metal [7-9] or chlorine [10], have been added to these oxides. Poirier et al. 
[8] observed that the addition of Li to PrOx resulted in an improvement in Cz 
selectivity, with a decrease in methane conversion. They ascribed the change of 
catalytic performance to the formation of a mixed carbonate layer, which 
decreased the concentration of labile oxygens on a praseodymium oxide surface, 
after adding lithium to praseodymium oxide. Sugiyama et al. reported that over 
LazO3, Pr60~ 1, and Sm203, addition of a small amount of tetrachloromethane to 
the reactant stream improved the catalytic activity. The improvement of the activity 
was primarily due to the formation of the oxychlorides during the reaction [10]. 
Metal fluorides have been found to have significant promotional roles on some 
oxide catalysts for the OCM and oxidative dehydrogenation of light alkanes (C2H 6 
and C3H8) reactions [11-14]. We reported previously that adding various content 
of BaF2 to CeO2 improved apparently C2 selectivity and yield for OCM reaction 
[13]. In order to investigate the nature of the promoting effect of BaF2, we have 
further studied the catalytic performance for OCM over the other two multivalent 
rare earth oxides promoted by BaF2. The present work is mainly concerned with 
the catalytic performance over the BaF2-promoted multivalent CeO2, Pr60~ and 
Tb407 catalysts and, in particular, with the correlations between the catalytic 
performance of these materials and their bulk and surface properties, as determined 
by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), temperature 
program desorption (TPD) and temperature program reduction (TPR) character- 
izations. 

2. Experimental 

2.1. Preparation and evaluation of catalyst 

The catalysts were prepared by the method of grinding and calcining, as 
described elsewhere [14]. The solid mixture was mixed with a certain amount 
of deionized water to form a paste, followed successively by drying at 393 K for 
4 h and calcining at 1173 K for 6 h. The resulting solid was crushed and sieved to 
40-60 mesh particles. The pure CeO2 (>99.5%), Pr6Oll (>99.9%), Yb407 
(99.95%) and BaF2 used for the catalytic performance evaluation were also treated 
with procedures similar to those as described above. The other reagents used in the 
preparation were all analytical grade. 
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The catalytic reaction was carried out in a fixed-bed quartz microreactor 
(5.0 mm i.d.), under the conditions of CH4/O2=3 (mole ratio, without dilution 
gas) and GHSV=20 000 h -1. Methane (99.99%) and oxygen (99.5%) were used 
without further purification. In each experimental run, 0.20 ml of catalyst was 
used; the effluent gas was analyzed at room temperature by an on-line Shang Fen 
102GD gas-chromatograph equipped with thermal conductivity detector. Water 
and hydrogen were also present but were not measured. Other details were the 
same as reported previously [14]. 

2.2. Characterization of catalyst 

The specific surface area of the catalyst was measured by BET method with N2 
adsorption at 77 K on a Sorptmatic 1900 CARLOERBA instrument. A large 
amount of catalyst (5.0 g) was used in order to increase the precision of the 
measurement. The samples were outgassed at 523 K in vacuum (5x 10 -2 Tom 
1 Torr--133.3 N/m 2) for 3 h before N2 adsorption. 

XRD experiment was carried out at room temperature on a Rigaku Rotaflex 
D/Max-C system with Cu Ka (A=0.15406 nm) radiation. The samples were loaded 
to a depth of 1 mm on a sample holder. XRD powder patterns were recorded in the 
range of 20=20-70 °. 

The surface composition was analyzed by means of XPS. Spectra were recorded 
on a VG ESCALAB 210 XPS/AES instrument at room temperature, with Mg K,  
(for the samples containing Ce or Pr) or AI Ks (for the samples containing Tb) as 
the excitation radiation. The catalyst samples were pressed into wafers (010 ram) 
under the pressure of 100 kgf/cm z and were loaded on a sample holder for XPS 
analysis. The base pressure of the XPS analysis chamber was about 7 x 10 - ~  Torr. 
All measured binding energies were calibrated with respect to the C 1 s energy at 
284.6 eV, due to adventitious carbon. Eclipse 1.7T software was used to resolve the 
experimental spectra. The surface compositions of the catalysts were estimated 
from peak areas using appropriate instrumental sensitivity factors. 

The acidity and basicity of the catalysts were measured by TPD of pyridine (Py) 
and carbon dioxide (adsorbed at 300 K), respectively, in a quartz microreactor 
from 300 to 1173 K, at a linear heating rate of 20 K/min in a flow of helium (30 ml/ 
min). Before the TPD experiment, the catalyst (0.2 g) packed in a quartz reactor 
was treated in a flow of helium at 1173 K for 30 min. The desorbed pyridine and 
carbon dioxide were detected by a gas chromatograph equipped with a thermal 
conductivity detector. 

Each TPR experiment was carried out on a quartz microreactor; 11% H2/Ar 
at a flow rate of 15 ml/min was used as a reducing gas. In each of the experi- 
ments, the sample (80-100 mesh) was subjected to TPR from 298 to 1223 K 
at a heating rate of 20 K/min. A thermal conductivity detector was used for 
this purpose. The effluent gas was purified with KOH and 5A molecular sieve 
columns to get rid of HF (which may be produced on the BaF2-promoted samples 
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during the TPR experiment) and H20 before it got into the thermal conductivity 
detector. 

3. Results and discussion 

3.1. Catalytic performance evaluation 

The catalytic performance evaluations of the catalysts are summarized in 
Table 1. Under the conditions of 1073 K, CH4:O2=3:1 and GHSV=20 000 h -1, 
pure CeO2, Pr6Ol~ and Tb407 showed relatively high activities to methane, but the 
C2 selectivities were very low, the major products were CO and CO2. This result is 
similar to the previous studies [3,4,7,15]. Over the multivalent rare earth oxides, 
the C2 selectivities decreased with the sequence of Tb>Pr>Ce, which was consis- 
tent with the increase of bulk Ln 4+ (Ln=Ce, Pr, Tb) concentrations in the catalysts. 
When BaF2, which gave a poor activity for OCM [12], was added to these oxides, 
C2 selectivities were found to improve markedly, at the same time, CH4 conver- 
sions and C2H4/C2H6 ratios were also increased under identical conditions, leading 
to an apparent increase in C2 yields and, particularly, in C2H4 yields. The C2 selecti- 
vities and yields were found to increase according to the sequence of BaF2/Pr6011 
(Ba/Pr=2)>BaF2/Tb407 (Ba/Tb=2)>BaF2/CeO2 (Ba/Ce=4) under the same con- 
ditions. The maximum C2 selectivity (57.5%) and yield (19.3%) were obtained 
over the BaF2/Pr6Oll catalyst. In addition, the ratios of CO/CO2 were very low 
(<0.1) on the BaF2-promoted catalysts, which might be attributed to the rapid 
surface reactions in which methyl radicals and/or CO were deeply oxidized to CO2. 

Regardless of whether the catalysts were promoted by BaF 2 or not, the 
conversions of oxygen were more than 99%, which suggested that the OCM 
reaction was carried out under an oxygen-limited condition. This makes it difficult 
to compare the real activities of these catalysts; the reason for the increase in 
methane conversion becomes complex as a result of adding BaF2 to these rare earth 
oxides with variable valence. It is interesting to note that, for all of the catalysts, the 

Table 1 
The catalytic performance evaluations and specific surface areas of the catalysts 

Catalyst Conv. (%) Selectivity (%) C2H4]C2 C2 Yield Surface area 
H6 (%) (m2/g) 

C H  4 0 2 C O  C O  2 C 2 

CeO2 22.4 99.6 21.5 75.8 2.8 0.75 0.6 4.1 
BaF2/CeO 2 (Ba/Ce=4) 32.3 99.5 2.2 43.2 54.6 1.7 17.6 2.3 
PrrOll 23.1 99.5 6.9 71.5 21.6 0.61 5.0 4.4 
BaF2/Pr6Oll(Ba/Pr=2) 33.5 99.4 3.7 38.8 57.5 1.6 19.3 2.3 
Tb407 24.2 99.5 10.0 67.1 22.9 0.59 5.5 2.7 
BaF2]Tb407 (Ba/Tb=2) 33,1 99.4 3.9 40.0 56.1 1.7 18.6 2.1 

Conditions: T----1073 K, CH4:O2=3:1 (without dilution gas) and GHSV=20 000 h -1. 
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higher the C2 selectivity, the higher the methane conversion under the same 
conditions (Table 1). So it is suggested that C2 selectivity may have something to 
do with methane conversion for an oxygen-limited OCM reaction. It is noted that 
the amount of oxygen consumed in converting a definite amount of methane to 
ethene and ethane is smaller than that in converting the same amount of methane to 
COx (CO+CO2). For an oxygen-limited OCM reaction, there will be little oxygen 
left in the gas phase after flowing over a short distance of the catalyst bed, and thus 
a large amount of methane cannot be converted any longer. Due to the increase in 
C 2 selectivity as a result of adding BaF 2 to the multivalent rare earth oxides, a 
smaller amount of oxygen would be used up in converting the same definite 
amount of methane (mainly to C2 products) over the BaFz-promoted catalysts than 
that over pure oxides (mainly to COx). This led to the results that the reaction zones 
of the catalyst bed for the former catalysts appeared to be longer, and methane 
conversions were higher, than those for the latter catalysts. At the same time, with 
the increase of the length of catalyst bed being exposed to gaseous oxygen, the 
chance that ethane reacts with surface active oxygen species to produce ethene will 
increase, resulting in an improvement in ethene-to-ethane ratio over the BaF2- 
promoted catalysts, as compared with the corresponding pure oxides. 

3.2. Bulk phase composition and structure 

The XRD results (Table 2) showed that pure CeO2, Pr6Oll and Tb407 were 
cubic. In the fresh BaF2/CeO2 (Ba/Ce=4) catalyst, only cubic BaF2 (a=6.172) and 
CeO2 were found; while, in the fresh BaF2frb407 (Ba/Tb=2) catalyst, besides 
cubic BaF2 (a=6.184) and T b 4 0 7 ,  a new rhombohedral TbOF phase formed. Cubic 
BaF2 (a=6.134) and rhombohedral PrOF were also detected in the fresh BaF2/ 
Pr6O11 (Ba/Pr=2) catalyst, but cubic PRO1.83 was not found by XRD. These results 
reveal that the contents of Ln 4+ (Ln=Ce, Pr, Tb) in these catalysts decrease 
according to the sequence of BaF2/CeO2>BaF2/Tb407>BaF2/Pr6011. As compared 
with pure BaF2 lattice (a=6.200), the BaF2 lattice in the above catalysts slightly 
contracted. This may result either from partial substitution of the Ba 2+ 
(r=0.134nm) in BaF2 lattice by Ln 3+ (rpr=0.1013 nm, rTb=0.0923 nm) or 

Table 2 
The bulk composition and structure of the flesh ctalysts 

Catalyst Composition and structure a 

CeO2 
BaF2/CeO2 (Ba/Ce=4) 
Pr601 i 
BaFffPr6On (Ba/Pr=2) 
Tb407 
B aF2fFb407 (Ba/Tb=2) 

Cubic CeO2 
Cubic CeO2 (m), cubic BaF2 (s. a=6.172) 
Cubic PrOl.s3 
Cubic BaF2 (w, a=6A34L rhombohedral th'OF (m) 
Cubic Tb407 
Cubic Tb407 (W), cubic BaF2 (s, a=6.184), rhombohedral TbOF (vw) 

s=strong, m=medium, w=weak, vw=very weak. 
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Ln 4+ (rce=0.092 nm, rr,r=0.090 nm, rTb=0.084 nm), or from partial replacement 
of the F-  by O 2-, leading to the formation of more anionic vacancies in the lattice. 
These results suggest that the partial ion exchange had happened in the process of 
catalyst preparation, leading to the contraction of BaFz lattice and/or the formation 
of oxyfluorides. Taking into account that no oxyfluoride phase formed in the BaF2/ 
CeO2 catalyst and the content of oxyfluoride in the BaF2/Pr6011 was more than that 
in the BaF2]Wb407 (Table 2), one can infer that the exchange extent between F- 
and 02-  ions in the catalysts increased in the order of Ce<Tb<Pr. Due to the fact 
that the conductivities of these rare earth oxides with variable valence increase with 
the sequence of Ce<Tb<Pr at high temperature [16], the mobilities of lattice 
oxygen may also increase in this order. For those oxides with higher mobility of 
lattice oxygen, the anionic exchange between them and BaF2 at high temperature 
might be easier. 

Cubic CeO2 is a compound with fluorite structure. Cubic Pr6Oll (PRO1.83) 
molecule may be thought as made up of four PrO2 and one Pr203. Similarly, cubic 
Tb407 molecule is also made up of two TbO2 and one Tb203. The cubic LnO2 is a 
fluorite-type structure and the structure of cubic Ln203 is closely similar to that of 
the fluorite but with 1/4 intrinsic oxygen vacancies [17], so it is reasonable to 
conclude that a considerable number of anionic vacancies exist in cubic Pr601 a and 
Tb407 lattice. The structure of rhombohedral LnOF [18], whose chemical com- 
position is rigorously defined, is a slightly distorted fluorite-type structure. 
Considering that many compounds with fluorite-type structure, e.g. alkaline earth 
fluorides, have anion Frenkel defects and anionic vacancies [ 19], one can infer that 
the similar anionic vacancies may also exist in the oxyfluoride compounds with 
fluorite-like structure. On the other hand, the ionic exchange between the oxide and 
fluoride phases in the catalysts may also lead to the formation of new anionic 
vacancies in order to maintain electroneutrality. The presence of anionic vacancies 
in the above catalysts will be beneficial to the adsorption and activation of 02 under 
the reaction conditions. 

Comparing the concentration of Ln 4+ in the catalysts with C2 selectivity for 
OCM (Table 1), one can find that C2 selectivity increases with the decrease of the 
concentration of Ln 4+. Since the multivalent rare earth oxides have high reactivity 
to methyl radicals due to the rapid interconversion of oxidation states (Ln3+/Ln 4+) 
and rapid diffusion of O2 in the bulk [7], the addition of BaF2 to Pr6Oll and Tb407 
leads to the formation of oxyfluorides, which stabilize the Ln 3+ oxidation state and 
suppress the Ln 4+ ions that are associated with the labile oxygens responsible for 
surface total oxidation of methane and C2 hydrocarbons. This will be favorable to 
the increase of C2 selectivity. 

3.3. Surface composition 

The electron binding energies (BE) and surface composition of the elements on 
the fresh catalysts as measured by XPS are summarized in Tables 3 and 4, 
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Table 3 

Electron binding energies of the elements in the fresh catalysts as measured by XPS 

177 

Catalyst Binding energy (eV) 

Rare earth element a Ba 3d5/2 F Is O Is C Is 

CeO2 882.3 - -  - -  532.3, 531.3, 529.3 288.9, 284.6 

BaF2/CeO2 (Ba/Ce=4)  881.5 780.3 684.2 531.9, 530.6, 528.6 288.2, 284.6 

PR6Oll  934.9, 933.3 - -  - -  531.9, 530.5, 528.9 289.6, 284.6 
BaF2/Pr6Oll (Ba/Pr=2)  935.3, 933.3 780.4 684.4 531.9, 530.5, 528.9 288.6, 284.6 

Tb407 149.9, 146.7 - -  - -  531.9, 530.7, 528.8 288.8, 284.6 

BaF2/'rb404 (Ba/Tb=2)  149.7, 146.0 780.6 684.4 531.7, 530.2, 528.5 288.3 ,284.6  

a 3d5/2 BE for Ce and Pr; 4d BE for Tb. 

Table 4 

Surface composition of various elements in the fresh catalysts 

Catalyst Atomic concentration Cx a (%) 

Ln 4+ Ln 3+ Ba 2+ F -  0 2 -  Other oxygen b C c Ba/Ln 

CeO2 4.1 trace - -  - -  54.7 37.7 3.5 - -  
BaFz/CeO2 (Ba/Ce=4)  1.3 trace 24.8 28.2 12.4 29.5 3.8 19.1 

Pr6011 2.8 5.2 - -  - -  28.7 55.9 7.4 - -  
BaF2,IPI'6011 (Ba/Pr=2)  1.4 2.2 20.9 48.1 6.5 18.8 2.1 5.8 

Tb407 16.3 4.5 - -  - -  41.6 33.7 3.9 - -  

BaFzfrb407 (Ba/Tb=2)  6.4 2.6 23.7 31.3 11.2 21.9 2.9 2.6 

a C x = ( A x ~ a x ) ] ( ~ A i / S i )  ' where A = p e a k  area; S=atomic sensitivity factor. 
b Other oxygen refers to the oxygen CO3 z- ,  OH- ,  O- ,  O~- and O~. 

c C does not include the adventitious carbon. 

respectively. In the C ls spectra, besides the carbon peak due to adventitious 
carbon at 284.6 eV, another peak is observed at higher energy (288.2-289.0 eV) on 
the catalysts, which corresponds typically to a carbon atom belonging to a 
carbonate group [20]. All of the O ls spectra in the catalysts could be resolved 
to three peaks located at ca. 531.9, 530.5 and 528.7 eV, respectively (Table 3). The 
peaks at ca. 528.7 eV can be attributed to lattice oxygen (O a-) [21,22], while the 
other peaks at ca. 531.9 and 530.5 eV cannot be identified because the BE values of 
some oxygen species fall in the range of 530-533 eV. Since the ratios of these 
oxygen atomic concentrations to carbon atomic concentrations with higher C 1 s 
BE were far more than 3, it can be inferred that other oxygen species, e.g. OH-,  
O 2-, O-  and O~, may also exist on the surface of the catalysts besides CO 2- [20- 
24]. The O~- and O~- adspecies formed on the surface of CeO2 and BaF2/CeO2 
catalysts have been proved by in situ microprobe Raman spectroscopy in our 
previous studies [25,26]. 

In the Ce 3d5/2 spectrum of CeO2, only a peak with BE 882.3 eV due to Ce  4+ 

[20] was detected. The addition of BaF2 to cerium oxide led to the results that the 
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concentration of Ce 4+ decreased and the Ce 3d5/2 BE value shifted to lower energy. 
Zhou et al. ascribed the decrease of the BE to the formation of quasi-free electrons 
around Ce 4+ or the presence of a partially reduced state of  Ce 4+ ion [13]. The Pr 
3d5/2 spectrum for Pr60~ displayed a broad signal. It could be resolved to two 
peaks with BE of ca. 934.9 and 933.1 eV, which could be assigned to quadrivalent 
and trivalent praseodymium ions, respectively [20]. A small amount of Pr 4+ and 
Pr 3+ ions were also observed on the BaFz/Pr60~ catalyst surface (Table 3, 
Table 4), although no Pr6OH phase was found in the catalyst bulk according to 
the above XRD result. In the case of Tbd407 and BaF2]Tb407, Tb 4d BE were used 
to distinguish between Tb 4+ and Tb 3÷ ions because Tb 4+ and Tb 3+ ions have a 
close 3d5/2 BE [20]. Two peaks at 149.4 and 146.7 eV due to Tb 4+ and Tb 3+, 
respectively, were detected on the surface of the Tb407 sample. Tb 4+ and Tb 3+ 
ions were also observed on the BaFffTb407 surface, but their concentrations were 
lower than those of the Tb407 sample. On all the BaF2-promoted catalysts, Ba 2+ 
and F -  ions were detected, and the Ba/Ln (Ln=Ce, Pr, Tb) ratios on the surface 
were apparently higher than those in the bulk. This indicates an enrichment of the 
surface in barium. 

The above XPS results indicated that the addition of BaF2 to the rare earth oxides 
with variable valence decreased the concentrations of the surface quadrivalent rare 
earth ions, but this phenomenon was less apparent than that in the bulk (XRD 
results). This may be attributed to the fact that the catalyst surface is more complex 
than the bulk, where partial rare earth ions with lower valence may also be changed 
to higher valence ions due to the adsorption and activation of gaseous oxygen. As 
described in the XRD part, the decrease in the concentration of surface quad- 
rivalent ions will be beneficial to the improvement of C2 selectivity for OCM. On 
the other hand, the dispersion of F -  on the surface of catalysts will also be helpful 
for the isolation of  the surface active centers and thus will decrease the chance of 
deep oxidation of methyl radicals and C2 hydrocarbons. 

3.4. Surface area and surface acidity and basicity 

From Table 1, one can see that all of the specific surface areas of the BaF2- 
promoted multivalent rare earth oxides were smaller than those of the correspond- 
ing oxides. Since a methyl radical will collide with a catalyst surface about 105 
times before it can efficiently couple with another methyl radical to form an ethane 
molecule in the gas phase [27], the decrease of specific surface area as a result of 
adding BaF2 to these oxides may also lead to a decrease in porosity of the catalyst 
and thus a decreasing extent of diffusion control for such a fast redox reaction, 
resulting in an increased selectivity of Ca hydrocarbons. 

The Py-TPD spectra from the catalysts surface are shown in Fig. 1. Three Py 
desorption peaks centering at 393, 501 and 1088 K over the CeO2 catalyst, which 
are assigned to the weak, intermediate and strong acidic sites, respectively. The 
TPD result of Py-adsorbed Pr6Oll showed the existence of four peaks at 383,585, 
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Fig. 1. The TPD spectra of Py-adsorbed: (a) CeO2, (b) PF6OI1 , (C) Tb407 and (d) BaF2/CeO2 (Ba/Ce=4), BaF2/ 
Pr6Oll (Ba/Pr=2), BaF2/Tb407 (Ba/Tb=2) catalysts. 

657,725 and 902 K, which could also be attributed to the different acidic centers, 
respectively. On the surface of pure Tb407, a weak and a strong acidic site could 
also be detected. By contrast, almost no Py desorption peak was detected on the 
BaF2-promoted catalysts, indicating that their acidities are very weak. 

As shown in Fig. 2, only a strong CO2 desorption peak at 403 K was detected on 
the surface of CeO2, indicating that its basic strength is weak. Two CO2 desorption 
peaks at 389 and 648 K as well as a shoulder at 595 K were, however, observed on 
Pr6Ol~ sample. This suggests that Pr6Oll is a medium strong base with three 
different basic centers. On the T b 4 0  7 sample, a weak CO2 desorption peak at 385 K 
corresponding to a weak basic site was detected. In comparison, the basicities of 
the BaF2-promoted catalysts are also very weak, as supported by the TPD results 
that almost no CO2 desorption peak was found on the catalysts. 

It is well known that most OCM catalysts are basic oxides, the basicity appears to 
be one of the most fundamental properties of an OCM catalyst for a better C2 
selectivity [2]. However, there are also some effective OCM catalysts, such as 
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Fig. 2. The TPD spectra of CO2-adsorbed: (a) CeO2, (b) Pr60~l, (c) Tb407 and (d) BaF2/CeO2 (Ba/Ce=4)~ 
BaF2[Pr6Oll (Ba/Pr=2), BaFz/Tb407 (Ba/Tb=2) catalysts. 

Li/Mg/C1 [28], Mn/Na2WO4/SiO2 [29], etc., whose basicities were found to be 
very weak. The addition ofBaF z to the multivalent rare earth oxides caused a sharp 
decrease in both acidity and basicity, which might be related to the fact that their 
surfaces are covered with a large amount of BaFz that shows neither acidity nor 
basicity. From the comparison of surface acidity/basicity with catalytic perfor- 
mance of the catalysts, it could be concluded that there was no direct relationship 
between them. 

3.5. Reducibility 

TPR spectra for the CeO 2 and BaF2/CeO2 samples are shown in Fig. 3. For pure 
CeO2, two peaks were observed at approximately 718 and 1117 K. The TPR 
spectrum can be interpreted as a stepwise reduction of CeO2. The peak at 718 K 



R. Long et al./Applied Catalysis A: General 159 (1997) 171-185 181 

x2 

1117 

_ ~ ~ 1 0 1 1  

298 1223 
Temperature (K) 

Fig. 3. The TPR spectra of: (a) CeO 2 and (b) BaF,/CeO, (Ba/Ce=4) catalysts. 

amounts to a small percentage of the total area, and it is reasonable to assign this 
peak to a surface reduction of CeO2 that has a small BET area [30]. The second 
peak at 1117 K is attributed to the total reduction of ceria to Ce203 [30]. The TPR 
spectrum of BaFJCeO2 showed only a broad peak at 1011 K, which may be 
assigned to the total reduction of CeO2 to Ce203. Since the catalyst surface was 
covered by a large amount of BaF2 (XPS result), the reduction of its surface oxygen 
could not be observed by TPR. The reduction temperature of the bulk oxygen in the 
BaFz/CeO2 sample was found to decrease as compared with pure CeO2. 

The TPR spectra of the Pr6Oll and BaF2/Pr6011 are shown in Fig. 4. Two peaks 
at 766 and 832 K were observed on Pr6Oll sample, which could probably be 
associated with the reduction of the surface and bulk oxygen of Pr6Oll, respec- 
tively. The color of praseodymium oxide reduced was changed to light yellow- 
green from black, indicating that praseodymium oxide had been reduced to Pr203 
[31]. For the BaF2/Pr6Oll sample, only a very weak peak at 425 K was observed, 
which might result from the reduction of surface oxygen adspecies. No phenom- 
enon of the reduction of the surface and bulk lattice oxygen was detected. This is 
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Fig. 4. The TPR spectra of: (a) Pr6Oll and (b) BaF2/P[6Oll (Ba/Pr=2) catalysts. 

consistent with the above XRD result that most Pr6Oll was converted to unre- 
ducible PrOF in the process of the catalyst preparation. 

As shown in Fig. 5, two peaks at 768 and 872 K due to the reduction of surface 
and bulk oxygen, respectively, were detected on the T b 4 0  7 sample. In comparison, 
it could also be found that two reduction peaks at 761 and 915 K appeared on the 
BaF2/Tb407 catalyst, which could be attributed to the reduction of surface and bulk 
oxygen, respectively, but the reduction temperature of the latter clearly increased. 

In the process of TPR of oxides, oxygen ions may be removed by inward 
diffusion of hydrogen or outward diffusion of oxygen ions from oxides to the 
reaction interface, so the mobility of lattice oxygen and the concentration of 
oxygen vacancies in oxides will play an important role. From the above TPR 
results, one can find that, for pure CeO2, Tb407 and P r 6 0  11, the differences of 
reduction temperature between surface oxygen and bulk oxygen were 399, 104 and 
66 K, respectively. This can be well interpreted by the idea that, with the increase 
of the conductivity from Ce and Tb to Pr in these oxides [16], the mobilities of 
lattice oxygen may also increase, resulting in a lower reduction temperature of bulk 
lattice oxygen. When BaF2 was added to CeO2, more anionic vacancies might be 
produced due to the interaction between them (XRD result), leading to an increase 
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Fig. 5. The TPR spectra of: (a) Th407 and (b) BaF2/Tb407 (Ba/Tb=2) catalysts. 

of the mobility of lattice oxygen and thus to the decrease of the reduction 
temperature of bulk lattice oxygen. However, since a large amount of oxygen 
vacancies exist in the cubic T b 4 0  7 lattice, the partial substitution of O 2- by F- in 
BaF2 (XRD result) may result in a decrease of oxygen vacancies. This will lead to 
an increase of the reduction temperature of bulk lattice oxygen. 

Since the reducible oxygen species on these multivalent rare earth oxides may be 
responsible for the methane activation, leading to methyl radicals, and also for the 
further surface oxidation of these methyl radicals to CO2 [8], the decrease of their 
concentrations will decrease the chance of deep oxidation of methyl radicals and 
C2 hydrocarbons in OCM reaction and thus lead to an increase of C2 selectivity. 

4. Conclusions 

It is evident from this study that methane conversions and Ca selectivities over 
BaF2-promoted Ce02, Pr6011 and Z b 4 0 7  catalysts were significantly higher than 
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those over corresponding oxides under the same conditions of 1073 K, 
CH4:O2=3:1 and GHSV---20 000 h -1. In the process of catalyst preparation, 
the partial ion exchange took place, leading to the contraction of BaF2 lattice 
and/or the formation of rare earth oxyfluorides. After adding BaF2 to the rare earth 
oxides, the concentrations of quadrivalent rare earth ions and reducible oxygen 
species as well as specific surface areas of the catalysts were found to decrease. In 
addition, the dispersion of F-  on the surface of catalysts will also be helpful for the 
isolation of the surface active centers. All of these will be favorable to decreasing 
the chance of deep oxidation of methyl radicals and C2 hydrocarbons and thus 
resulting in an increase of C2 selectivity. Since there is a certain correlation 
between methane conversion and C2 selectivity for an oxygen-limited OCM 
reaction, methane conversion will increase along with the increase of C2 selectiv- 
ity. However, no direct relationship between the surface acidity/basicity and 
catalytic activity/selectivity was observed over the catalysts. 

Acknowledgements 

This work is supported by the National Nature Science Foundation of China. 

References 

[1] G.E. Keller and M.M. Bhasin, J. Catal., 73 (1982) 9. 
[2] A.M. Maitra, Appl. Catal. A, 104 (1993) 11. 
[3] K. Otsuka, K. Jinno and A. Morikawa, Chem. Lett., (1985) 499. 
[4] K.D. Campbell, H. Zhang and J.H. Lunsford, J. Phys. Chem., 92 (1988) 750. 
[5] J.H. Lunsford, Catal. Today, 6 (1990) 3. 
[6] S. Lacombe, C. Geantet and C. Mirodatos, J. Catal., 151 (1994) 439. 
[7] A.M. Gaffney, C.A. Jones, J.J. Leonard and J.A. Sofranko, J. Catal., 114 (1988) 422. 
[8] M.G. Poirier, R. Breault, S. Kaliaguine and A. Adnot, Appl. Catal., 71 (1991) 103. 
[9] Z. Yu, X. Yang, J.H. Lunsford and M.P. Rosynek, J. Catal., 154 (1995) 163. 

[10] S. Sugiyama, Y. Matsumura and J.B. Moffat, J. Catal., 139 (1993) 338. 
[11] X.P. Zhou, W.D. Zhang, H.L. Wan and K.R. Tsai, Catal. Lett., 21 (1993) 113. 
[12] X.P. Zhou, S.Q. Zhou, W.D. Zhang, Z.S. Chao, W.Z. Weng, R.Q. Long, D.L. Tang, H.Y. Wang, S.J. Wang, 

J.X. Cai, H.L. Wan, K.R. Tsai, Preprints, Division of Petroleum Chemistry, Inc. ACS, 39 (2), 1994, p. 222. 
[13] X.P. Zhou, Z.S. Chao, W.Z. Weng, W.D. Zhang, S.J. Wang, H.L. Wan and K.R. Tsai, Catal. Lea., 29 (1994) 

177. 
[14] R.Q. Long, S.Q. Zhou, Y.P. Huang, W.Z. Weng, H.L. Wan and K.R. Tsai, Appl. Catal. A, 133 (1995) 269. 
[15] J.M. DeBoy and R.E. Hicks, Ind. Eng. Chem. Res., 27 (1988) 1577. 
[16] Physics and Chemistry Constant of Rare Earth (China), Edited by Department of Metal in Zhongshan 

University, Metallurgical Industry Publishing House, 1978, p. 51. 
[17] K.A. Gschneidner, Jr., L. Eyring (Eds.), Handbook on the Physics and Chemistry of Rare Earths, vol. 5, 

North-Holland, 1982, Chap. 44, p. 322. 
[18] K. Niihara and S. Yajima, Bull. Chem. Soc. Jpn.. 44 (1971) 643. 
[19] E. Radzhabov, J. Phys., 6 (1994) 9807. 
[20] Handbook of X-ray Photoelectron Spectroscopy, ~b corporation, 1990. 
[21] M.S. Hedge and M. Ayyoob, Surf. Sci., 173 (1986) L635. 
[22] S. Sugiyama, T. Ookubo, K. Shimodan, H. Hayashi and J.B. Moffa, Bull. Chem. Soc. Jpn., 67 (1994) 3339. 



R. Long et al./Applied Catalysis A: General 159 (1997) 171-185 185 

[23] J.L. Dubois, M. Bisiaux and H. Mimoun, Catal. Lett., (1990) 967. 
[24] M. Ayyoob and M.S. Hedge, Surf. Sci., 133 (1983) 516. 
[25] R.Q. Long, Y.P. Huang and H.L. Wan, J. Raman Spectrosc., 28 (1997) 29. 
[26] R.Q. Long and H.L. Wan, J. Chem. Soc., Faraday Trans., 93 (19971 355. 
[27] Y. Tong and J.H. Lunsford, J. Am. Chem. Soc., 113 (1991) 4741. 
[28] J.H. Lunsford, P.G. Hinson, M.P. Rosynek, C. Shi, M. Xu and X. Yang, J. Catal., 147 (1994) 301. 
[29] X. Fang, S. Li, J. Lin, J. Gu and D. Yan, J. Molec. Catal. (China), 6 (1992) 255. 
[30] J.Z. Shyu, W.H. Weber and H.S. Gandhi, J. Phys. Chem., 92 (1988) 4964. 
[31] R.E. Ferguson, E.D. Guth and L. Eyring, J. Am. Chem. Soc., 76 (1954) 3890. 


