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The oxidative cross-coupling of methane with propylene has been studied over several catalysts. A material 
containing 1.9 wt % Mn and 5 wt % NaCl on Si02 was found to be the most effective for this reaction. At 
650 "C,, it was possible to attain selectivities to l-butene and butadiene of 57% and 8.0%, respectively, at a 
propylene conversion of 38%. Experiments utilizing 13C& confirm that methane was indeed involved in the 
formation of the C4 products. Methyl radicals derived from C& and allyl radicals derived from C3D6 were 
simultaneously detected over the catalysts using a matrix isolation electron spin resonance method. These 
surface-generated radicals enter the gas phase, where most of the coupling is believed to occur. In addition 
to the cross-coupling reaction, methyl radicals couple to form ethane, and allyl radicals couple to form 1,5- 
hexadiene. The latter hydrocarbon reacts extensively back to propylene over the catalysts at 650 "C. 

Introduction 

The oxidative coupling of methane with other organic 
molecules has greatly expanded the potential for the utilization 
of methane to produce more valuable chemicals. The most 
extensively studied of these reactions has been the oxidative 
coupling of methane with toluene to form ethylbenzene and 
subsequently styrene.'-6 Ruckenstein and Khan' have recently 
reported on the coupling of methane with acetonitrile to form 
propionitrile and acrylonitrile. 

Since many of the same oxides are capable of fonning CH3' 
radicals from C& and C3H5' radicals from C3H6, it is expected 
that an effective catalyst could be found to produce butenes 
via a coupling reaction. Ideally, one would like to form 
isobutylene because of its economic importance; however, this 
is an unlikely product of the cross-coupling reaction since the 
unpaired electron in the allyl radical resides largely on the 
terminal carbon atoms9 Sofranko et al.l0 demonstrated that 
the addition of propylene during the oxidative coupling of 
metJme in a cyclic mode resulted in the formation of C4 
hydrocarbons, while simultaneously suppressing the formation 
of C2 products. They speculated that CH3' radicals reacted with 
C3H6 to form C4H9' radicals, which was followed by the loss 
of H' to generate n-butenes. Sodesawa et aL1I found that in a 
continuous flow system PbO/A1203, La203, and Na20/La203 
catalyzed the cross-coupling of C& with C3H6 to produce 
butene and butadiene. The NazO/LazO3 catalyst was the most 
effective, giving a 10% yield of C4 compounds. In the work 
of Sodesawa et al., there was little evidence for a particular 
reaction mechanism, and one must be concemed with the 
possibility that the C4 products came almost exclusively from 
the cracking of 1S-hexadiene. That is, allyl radicals may first 
couple, and the resulting hexadiene may then subsequently 
crack, resulting in no actual incorporation of CH3' radicals into 
the observed Cq hydrocarbons. 

The present study was performed in order to more fully 
establish the origin of the butene and butadiene products in the 
CH?/C3H6 cross-coupling reaction. I3C& and I2C& were 
reacted in the presence of oxygen over several catalysts, and 
the I3C distribution in the products was determined. In addition, 
the simultaneous formation of surface-generated gas-phase 
methyl and allyl radicals was followed over both good and poor 
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cross-coupling catalysts. The results demonstrate that the C4 
products are indeed a result of the cross-coupling reaction and 
that the coupling may occur between radicals in the gas phase. 
It was shown that a NaCl-Mn/Si02 catalyst is quite effective 
for this reaction. Combined butene and butadiene yields of up 
to 36% can be achieved, based on the conversion of propylene. 

Experimental Section 

Reagents and Catalysts. Methane (99.9%, UHP), oxygen 
(99.9%, extra dry), and propylene (polymer grade) were obtained 
from Matheson. A Matheson certified gas mixture containing 
10% AdHe was used as an internal standard. lS-Hexadiene 
(99.9%) was obtained from Aldrich. The I3C-labeled methane 
(99.9%) and propylene-d6 (98%) were purchased from Cam- 
bridge Isotope. All of the gases were used without further 
purification. 

A conventional 5 wt % Li/MgO catalyst was prepared by 
adding Li2CO3 to deionized water at 50 "C under vigorous 
stirring. A Li+-MgO-Cl- catalyst was prepared by adding 
aqueous HCl to a sluny of MgO, followed by the addition of a 
solution of LiN03.I2 The atomic ratio of Li/Mg/Cl in the 
resulting catalyst was 0.44: 1 :0.42, based on ICP analysis. The 
MgO-supported bialkali metal chlorides and hydroxides, includ- 
ing (5  mol % LiCl + 5 mol % NaCl)/MgO, (5 mol % LiOH + 
5 mol % NaOH)/MgO, (5  mol % NaC1-t 5 mol % CsCl)/MgO, 
and (5 mol % NaOH + 5 mol % CsOH)/MgO catalysts, were 
prepared according to the method of Ruckenstein and Khan.I3 
Briefly, an aqueous solution containing the two metal salts or 
hydroxides was introduced into an aqueous slurry of MgO at 
80 "C. The solution was evaporated to dryness, and the catalysts 
were heated ovemight at 120 "C. All of the above catalysts 
were calcined in air at 750 "C for ca. 15 h and were pretreated 
in flowing 0 2  for 2 h prior to use. The 1.9 wt % Mn-5 wt % 
NaCYSiOz catalyst was prepared from Mn(N03)2, NaC1, and 
Si02 (Davison grade 57) by aqueous impregnation. An ap- 
propriate amount of Si02 was added to a solution containing 
the desired amount of Mn(N03)2 and NaCl. After evaporation 
to dryness, the catalyst was heated ovemight at 120 "C and 
calcined in air at 750 "C for 4 h. The apparent densities and 
the surface areas of the prepared catalysts are given in Table 1. 

Reaction System. Catalytic results were obtained both in a 
single-pass flow mode and in a continuous recycle mode. All 
of the single-pass flow experiments were carried out in an 
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TABLE 1: Apparent Density and Surface Areas of 
Catalysts 

catalysts apparent density, g/mL surface area, mZ/g 

Lunsford et al. 

SrLa203 
LiiMgO 
Li+-MgO-C1- 
(LiOH + NaOH)/MgO 
(LiC1 + NaCl)/MgO 
(NaOH + CsOH)/MgO 
(NaCI + CsCl)/MgO 
NaCl-Mn/Si02 

1.11 
1.14 
0.92 
0.40 
0.35 
0.73 
0.66 
0.45 

7.8 
2.5 
1.6 

11.2 
5.1 
4.9 
3.6 
7.8 

alumina downflow reactor having an intemal diameter of 10 
mm. Quartz chips filled the space above the catalyst bed and 
served to preheat the reaction gases. Product gases were 
analyzed using a Hewlett-Packard Model 589011 gas chromato- 
graph containing 13X molecular sieve and Haysept S packed 
columns. A Matheson certified gas mixture containing CO, 
C02, CH4, C2H4, C2H6, C3H6, C3H8, C4 isomers, 1-pentene, and 
1,s-hexadiene was used to calibrate the GC. 

A recirculation system, which has been described previ- 
o u ~ l y , ' ~  was used to determine the I3C distribution in the 
products when I3C& was a reagent. I3C& was first introduced 
to an isolated volume. A recirculating pump was used to mix 
this gas with a previously prepared reagent gas mixture. After 
circulating the gases over the catalyst for a fixed period, they 
were introduced via a sample loop into a GCNS instrument. 
The G C N S  analysis was performed using a Hewlett-Packard 
589011 gas chromatograph, equipped with a Model 5971 mass 
sensitive detector. A Haysept S column was used for the 
separation of the gas components. Unless otherwise stated, the 
selectivities were calculated from the ratio of the moles of C3H6 
converted to a particular product to the total number of moles 
of C3H6 reacted. 

Radical Detection. A matrix isolation electron spin reso- 
nance (MIESR) systemi5 was used to detect gas phase radicals 
that emanate from the surface. In a typical experiment, a gas 
mixture containing hydrocarbons, oxygen, and argon was passed 
over the catalyst at a pressure of ca. 1 Torr, and the effluent 
entered a differentially pumped region. The gases, including 
any radicals that may have been formed, were frozen in an argon 
or carbon dioxide matrix on a sapphire rod at 15 K. Following 
a collection period of 25 min, the rod was lowered into a 
microwave cavity, and the spectrum of the radicals was obtained 
by ESR spectroscopy. By a suitable deconvolution of the 
spectra and double integration, the relative concentrations of 
the various radical species were determined. The gas flow rates 
at STP were CH4/C&j or C3DdO2 = 1.1/0.073/0.013 mL/min. 
The Ar or C02 flow rate was 3.8 " i n .  All reactions were 
carried out at 650 "C over 200 mg of catalyst. 

Results and Discussion 

Comparison of Catalytic Performance. The results ob- 
tained over quartz chips and over the catalysts used in this study 
are summarized in Table 2. The catalysts were chosen because 
they have been shown to be effective in the cross-coupling of 
methane with toluene and/or the oxidative coupling of 
~ n e t h a n e . ~ ? ' * - ' ~ - ' ~ - ' ~  The conditions employed here, particularly 
the temperature, may not be the optimum for each of the 
catalysts in other types of coupling reactions. Because CH4 is 
much less reactive than C3H6, a large C&/C& ratio was used. 
The results reported in Table 2 were obtained at a residence 
time of 1 s and after 2 h on stream. As will be discussed 
subsequently, some of the catalysts reached steady state after 
this period, but others did not. 

With only quartz chips in the reactor, the CH4 and C3H6 
conversions were small, and only COX was observed as a 
product. All of the catalysts studied, with the exception of Sr/ 
La203, were effective in the conversion of C3H6 and CH4; 
however, the total moles of C3H6 converted were less than those 
of CH4. After 2 h on stream, the best C4 selectivities were 
obtained with the (LiC1 + NaCl)/MgO, the (NaC1 + CsCl)/ 
MgO, and the NaC1-MdSiO2 catalysts. Khan and Rucken- 
stein6 similarly found that the former two catalysts were among 
the best that they tested for the cross-coupling of methane and 
toluene. Whereas they found that the catalysts prepared from 
the mixed alkali metal hydroxides had about the same favorable 
performance, we observed that the hydroxide-derived catalysts 
were considerably less selective in the case of the CH4/C3H6 
reaction, although the C3H6 conversion levels were somewhat 
greater. It should be noted that Khan and Ruckenstein obtained 
their results at 750 OC. In terms of overall C4 yield, the NaCl- 
Mn/SiOz catalyst was superior. A C4 yield of 35% was attained 
under the conditions stated in Table 2, based on the amount of 
C3H6 converted. A C4 selectivity of 65% was attained at a C3H6 
conversion of 38% over the NaCl-MdSi02 catalyst. The 
conversion of CHq and the C4 yield obtained over the Sr/LazO3 
catalyst were small, considering the effectiveness of this catalyst 
in the oxidative coupling of CH4, albeit at a temperature of 800 
"C . 

The hydrocarbon distributions shown in Table 2 are about 
what one would expect from normal coupling and cross-coupling 
reactions. The C4 products consisted primarily of 1-butene and 
butadiene, with less than 5% 2-butenes. The butadiene is 
derived from the oxidative dehydrogenation of 1-butene. The 
1,5-hexadiene is indicative of allyl radical coupling. The Cz 
products suggest CH3' radical coupling, although it will be 
shown subsequently that C2Hq is derived mainly from the 
cracking of 1,s-hexadiene. 

TABLE 2: 
and Propylene" 

Comparison of the Catalytic Performance over Quartz Chips and Catalysts in the Oxidative Coupling of Methane 

conversion, % selectivity, % 

catalyst C3H6 c& 0 2  CO COZ C2& CzHb 1-butene butadiene Csb C,jb 
quartz chips 1.4 0.5 43 57 
Sr/La203 29 1.0 85 23 46 5.4 8.9 12 4.2 0.0 0.0 
LiiMgO 35 5.4 81 1.2 36 10 9.0 32 5.1 2.1 3.5 
Li+-MgO-Cl- 22 4.1 57 7.0 23 8.7 5.8 44 5.6 0.0 6.2 
(LiCI + NaCl)/MgO 21 3.6 63 7.4 9.7 11 3.3 56 6.9 0.0 5.2 
(LiOH + NaOH)/MgO 30 3.5 16 5.9 34 6.5 6.3 36 5.6 0.0 6.1 
(NaCl+ CsCI)/MgO 24 3.7 66 6.0 7.1 17 5.3 52 6.7 0.0 6.1 
(NaOH + CsOH)/MgO 31 4.1 78 6.5 24 10 8.5 31 6.8 0.0 6.8 
NaCI-Mn/SiOz 65 11 95 12 17 9.6 5.7 47 6.9 0.0 0.8 
NaC1-Mn/SiOzc 38 4.0 66 7.2 4.8 8.8 5.2 57 8.0 0.0 8.1 

a Reaction temperature = 650 "C; volume of the catalyst = 1 mL; flow rate = 60 mL/min; P(CH,) = 504 Torr, P(C3H6) = 48 Torr, P ( 0 2 )  = 
42 Torr; balance: helium; data taken after 2 h on stream. C5 = n-pentene; c6 = 1,5-hexadiene. Volume of the catalyst = 0.3 mL (0.15 g). 
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Figure 1. Variation in (a) conversion and (b) selectivity with time on 
stream at 650 "C over the (LiC1 + NaC1)MgO catalyst: the flow rates 
for CH4, C3H6, 0 2 ,  and He were 39, 3.8, 3.4, and 13 mL/min, 
respectively. 

Effect of Reaction Conditions on Conversion and Product 
Distribution. Variations in the conversions and selectivities 
during prolonged times on stream were determined for the Li/ 
MgO, (LiC1 + NaCl)/MgO, and NaC1-MdSiOz catalysts. At 
650 "C, no changes were observed in the conversions or 
selectivities over a period of 120 h for the Li/MgO catalyst and 
50 h for the NaC1-MdSi02 catalyst. By contrast, the C4 
selectivity over the (LiC1 + NaCl)/MgO catalyst decreased for 
a period of ca. 15 h, while the 1,5-hexadiene selectivity 
simultaneously increased as shown in Figure 1. These results 
suggest that the catalyst may have become progressively less 
effective in the generation of CH3' radicals, resulting in more 
extensive coupling of allyl radicals. Alternatively, the same 
sites that were responsible for the generation of allyl radicals 
may also have catalyzed the cracking of 1 ,5-hexadiene and may 
have become increasingly poisoned during time on stream. The 
latter explanation is more consistent with the decrease in C3H6 
conversion over the same 15 h period. As a result of these 
changes, the steady state C4 yield of the (LiCl + NaCl)/MgO 
catalyst became comparable to that of the Li/MgO catalyst. 

Since the Li/MgO and NaC1-MdSiOz catalysts were stable 
with respect to time on stream, additional experiments were 
performed on these two materials to determine the conditions 
needed to maximize C4 selectivity and yield. In addition, results 
were also obtained for the oxidative coupling of the two 
hydrocarbon reagents separately and for the reaction of 1,5- 
hexadiene. 

The effect of residence time on catalytic performance is 
summarized in Table 3. These data were obtained by propor- 
tionally increasing the flow rate of each reagent; therefore, the 
partial pressures of the hydrocarbons remained constant. As 
expected, the conversions increased with increasing residence 
time, but not in a linear manner because the 0 2  conversion 
became limiting at larger residence times. At a residence time 
of 0.5 s, the conversion over the NaCl-MdSiOz catalyst was 
considerably greater than that over the Li/MgO catalyst. The 
apparent densities and surface areas of the two catalysts (Table 
1) were such that the available surface in 1 mL of each catalyst 
was approximately the same. Over a range of residence times, 
the C4 and COX selectivities varied slightly with the Li/MgO 
catalyst. The effect of residence time on C4 and COX selectivi- 
ties was considerably greater over the NaC1-MdSiO2 catalyst. 

TABLE 3: Effect of Residence Time on the Distribution of 
Product@ 

conversion, % selectivity, % 

residence time" C3H.5 CH4 0 2  COX C2 C d  C5 c6 

Li/MgO 
0.5 29 3.0 65 35 21 37 0.0 6.5 
0.7 33 3.3 70 38 17 38 1.8 5.8 
1.1 35 4.1 79 38 18 38 1.9 3.7 
1.8 48 3.7 92 40 24 31 2.1 1.6 

0.3 42 5.3 75 19 13 63 0.0 4.5 
0.5 45 6.2 78 20 17 61 0.0 2.7 
0.7 53 8.7 85 23 19 57 0.0 0.8 
1.1 66 11 93 25 22 52 0.0 0.1 
1.5 69 11 95 32 21 48 0.0 0.0 
1.8 71 11 96 37 22 41 0.0 0.0 

Reaction temperature = 650 "C; CH4:C3&:02 = 11:1:0.9; residence 
time was varied by changing the total flow rate while keeping the partial 
pressures of the hydrocarbons constant. Volume of catalyst = 1 mL. 

TABLE 4: Effect of Reaction Temperature on the 
Distribution of Productso 

conversion, % selectivity, % 

NaCl-MdSiOz 

temp,"C C3H6 CH4 0 2  CO, C2 Cq C5 c6 

Li/MgO 
600 25 2.9 27 50 11 23 0.0 16 
625 26 4.7 57 43 13 34 0.0 9.6 
650 35 5.4 81 38 19 37 2.1 3.5 
675 44 5.7 94 35 25 37 2.7 0.0 
700 44 6.3 94 32 26 40 2.6 0.0 

NaCl-MdSiO:! 
600 27 1.1 19 49 8.3 15 0.0 27 
625 44 5.8 64 35 10 43 0.0 12 
650 66 10 93 29 16 56 0.0 0.0 
675 70 11 98 25 22 53 0.0 0.0 
700 71 11 99 21 27 52 0.0 0.0 
725 72 12 100 22 29 49 0.0 0.0 
750 72 12 100 21 36 43 0.0 0.0 

a Volume of the catalyst = 1 mL; P(CH4) = 504 Torr, P(C3H6) = 
48 Torr, and P(02) = 42 Torr; flow rate = 60 mL/min; balance = 
helium. 

Over both catalysts, the 1 ,5-hexadiene selectivity decreased 
significantly with increasing residence time, indicating that this 
hydrocarbon undergoes secondary reactions (see below). 

The effect of reaction temperature on the conversion and 
product distribution over the Li/MgO and NaC1-MdSi02 
catalysts is summarized in Table 4. As is characteristic of 
oxidative coupling, both the conversion and the selectivity to 
the desired product increase with reaction temperature up to 
some optimum point. The enhanced selectivity results from 
the fact that radical coupling reactions are second-order in 
radical concentration, while the radical destruction reactions are 
fist-order. At higher temperatures, the rate of radical formation 
is greater, resulting in improved selectivities. This is not the 
case, however, for the selectivity of 13-hexadiene because of 
rapid secondary reactions at these temperatures. The favorable 
effect of temperature on C4 yield over Li/MgO suggests that 
even higher temperatures would be desirable, but this is not 
practical because lithium is rapidly lost from the catalyst at T 
> 700 0C,19 Over the NaC1-MdSiO;? catalyst, the C4 selectiv- 
ity reached a maximum value of 56% at 650 "C. At higher 
temperatures, the 0 2  was almost completely consumed, and no 
additional butene and butadiene could be formed. The slight 
loss in C4 selectivity at T > 650 "C probably reflects the thermal 
cracking of the C4 products to C2I-L The COX selectivity 
actually decreased at temperatures above 675 "C. 
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TABLE 5: Effect of CWC& Ratio on the Distribution of 
Products over a LilMgO CatalysP 

conversion, % selectivity, % 

CH4/C,H6 C3H6 c b  0 2  CO, c2 c4 c5 c6 

4.5 20 4.6 93 38 14 33 1.5 13 
8.2 27 5.0 84 38 16 38 2.0 6.1 

11 35 5.4 81 38 19 37 2.1 3.5 
16 37 4.8 75 37 24 35 2.4 2.2 

Reaction temperature = 650 OC; volume of the catalyst = 1 mL; 
flow rate = 60 mL/min; P(C&) = 504 Torr, P(02) = 42 Torr; balance 
= helium. 

TABLE 6: Propylene Oxidation or the Oxidative Coupling 
of Methane over Li/MeO and NaCl-Mn/Si02 Catalyst@ 

partial press, conversion, % selectivity, % 

ofreagent,Torr reagent 0 2  COX CzH4 C2H6 Cq CS c6 
Lmgo 

C3H6 
32 45 88 62 9.4 0.2 15 0.0 13 
48 39 95 57 9.3 0.7 16 0.0 17 
61 33 96 54 9.6 1.1 17 0.0 19 
112 26 100 49 10 2.6 20 0.0 19 

504 4.6 76 26 9.8 64 
CH4 

NaC1-Mn/SiOz 
C3H6 

48 33.4 54 36 8.0 0.0 8.7 0.0 47 

504 6.1 78 18 19 63 0.4 
CHq 

Except for the hydrocarbon reagents, reaction conditions were the 
same as those in Table 4. 

The CH4/C3H6 ratio was varied by keeping the pressures of 
CHq and 0 2  constant at 504 and 42 Torr, respectively, and 
decreasing the partial pressure of propylene from 112 to 32 Torr. 
As indicated by the results of Table 5, the CHq conversion 
remained nearly constant, but the percent conversion of C3& 
increased with increasing CH4/C& ratio ( i e . ,  decreasing C3H6 
partial pressure). The C4 selectivity remained nearly constant, 
while the 1,5-hexadiene selectivity decreased with decreasing 
partial pressure of C3H6 and the c2 selectivity increased. These 
results indicate that at high C3H6 partial pressure (small CHd 
C3H6 ratios) the allyl radical coupling competes favorably with 
the cross-coupling reaction, and at large CH4/C3& ratios the 
CH3' radical coupling competes in a similar manner. 

For comparison, the oxidative coupling of propylene, in the 
absence of methane, was carried out under the same conditions 
as were used to obtain the resutls of Table 5 .  The results are 
given in Table 6 .  As expected, the selectivity for 1,Shexadiene 
increased with increasing C3H6 pressure. Since the 1,5- 
hexadiene does not significantly crack to C4 products (see 
below), the origin of the butene and butadiene is uncertain. Only 
a few CH3* radicals were detected when C3H6 and 0 2  reacted 
over the catalysts; thus, it is unlikely that any secondary cross- 
coupling occurred. When CHq was the only hydrocarbon 
reagent, C2H6 was the principal hydrocarbon product; trace 
amounts of C3 and C4 were detected. 

Additional information about the secondary reactions of 13-  
hexadiene was obtained from experiments in which only 1,5- 
hexadiene and oxygen were reagents. The resulting hydrocar- 
bon products were analyzed by GC, using a FID detector. A 
Cl-/A1203 capillary column was used to separate the compo- 
nents. As shown by the results of Table 7, the 1S-hexadiene 
began to react at a temperature of only 450 "C, and at 650 "C 
more than 85% of the reagent had reacted, even over quartz 
chips (results not shown). The product distribution, however, 
was different over the quartz chips and the catalysts. Over the 

TABLE 7: Oxidation of 13-Hexadiene over LVMgO and 
NaC1-MnlSiOl Catalyst@ 

distribution of hydrocarbons, %* 

temp, "C conversion, % CI-L C 2 b  C& C3H6 C4 C5 c6 
Lmgo 

450 1.3 0.0 27 0.0 26 0.0 47 0.0 
500 8.2 0.3 18 1.8 30 0.3 47 2.6 
550 18 0.7 16 1.1 34 2.4 21 4.5 
600 48 1.1 13 0.4 53 0.8 17 15 
650 87 1.5 11 0.4 53 1.0 13 20 

NaCl -Mn/SiO2 
450 4.3 0.7 24 5.7 27 2.3 40 1.3 
500 13 1.2 16 11 29 1.8 38 2.2 
550 22 1.3 15 16 41 1.6 20 5.1 
600 56 0.9 9.8 26 44 1.1 11 7.8 
650 95 1.1 6.3 26 48 0.8 7.8 10 

a Volume of the catalyst = 1 mL; P(O2) = 42 Torr, P(C~HIO)  = 42 
Torr; N2:C6HI0:02 = 1O:l:l. bC4 = 1-butene and butadiene; Cg = 
n-pentene and n-pentane; c6 = benzene and c6 olefins. 

quartz chips, 1-butene and butadiene were significant products, 
but over the catalysts almost no 1-butene and butadiene was 
produced, which c o n f i i s  that under oxidative coupling condi- 
tions the C4 products were not derived from the cracking of 
lS-hexadiene. Over the two catalyts, the major product at 650 
"C was C3&. Thus, in the cross-coupling experiments described 
above, much larger amounts of 1S-hexadiene may have been 
formed, but it would have reacted back to C3H6 and, to a lesser 
extent, C2H4 and C5 products. The major difference in product 
distributions over the two catalysts was the percentage of C2H4 
and C2Ha. With the NaCl-MdSiO:! catalyst much more C2& 
than C2H4 was formed from the 1,5-hexadiene, whereas the 
reverse was true with the LiiMgO catalyst. The mechanism 
by which C2H6 was formed is not obvious. 

Isotopic Experiments. Experiments were performed in the 
recirculating reactor by cofeeding I3CH4, normal propylene, and 
oxygen. Thus, the amount of I3C in a particular product 
revealed the extent to which CHq was involved in the formation 
of that product. Of particular interest was the isotopic distribu- 
tion in the C4 products. If the 1-butene and the butadiene were 
formed via the cross-coupling reaction, each C4 molecule would 
have a single I3C atom. The composition of I3C, other than 
the natural abundance, in the total C4 products is defined as 

[P(13CH4)/P(12C, -I- I3C,)] x 100% 

From the G C / M S  spectrum, it is possible to distinguish C4 
molecules containing 0, 1, or 2 I3C atoms. 

Using this technique, the I3C distribution in the products was 
determined following the reaction of I3CHq and C3H6 over Li/ 
MgO at 650 OC. The C3& pressure was varied, while the 
I3CHq pressure was kept constant at 252 Torr. As shown in 
Table 8, the percentage of C4 product molecules containing one 
I3C atom increased from 38% to 69% as the I3CH4/C3Hs ratio 
increased from 1.8 to 14. Thus, at a I3CH4/C3H6 ratio of 14, 
ca. 70% of the C4 products were indeed formed by the cross- 
coupling of c b  and C3&. Of the remaining C4 products, the 
20% containing no 13C atoms was formed from C3H6 alone, 
while the 11 % containing two 13C atoms was presumably formed 
by a more complex set of reactions. It is possible that C2H5' 
radicals, derived from I3CH3l3CH3, might couple, but this would, 
of course, give C4 molecules containing four I3C atoms, which 
were not observed. It is interesting to note that although most 
of the C2H6 product contained two I3C atoms, indicating that it 
was formed primarily from the I3C& coupling reaction, the 
C2H4 product contained virtually no I3C. Thus, most of the 
C2H4 must have been derived either directly or indirectly from 
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TABLE 8: Effect of 13CH4/C31-I~ Ratio on 13C Distribution 
in Products over LilMgO, (LE1 + NaCl)MgO, and 
NaCl-MdSi02 Catalyst9 

percentage of I3C in 

c2H4 c2H6 c4 c6 
13CH4/C3H6 CO, zerob two zero two zero one two zero 

Li/MgO 
1.8 7.1 99 0.2 2.2 98 59 38 2.2 
4.4 9.1 98 1.7 2.0 98 44 50 5.6 
9.2 14 92 8.2 1.5 99 30 61 8.9 

(LiCl + NaCl)/MgO 
14 22 79 22 0.0 100 20 69 1 1  

3.2 3.8 99 1.2 8.3 92 38 62 0.0 100 
5.7 15 97 3.5 5.7 94 23 77 0.0 100 

1 1  26 92 7.8 0.0 100 6.2 93 1.0 100 
14 29 88 12 0.0 100 2.3 97 1.2 100 

0.8 5.9 91 9.0 81 19 59 37 3.5 100 
3.3 10 89 1 1  77 23 41 57 2.6 100 
5.7 14 87 13 65 35 26 72 2.1 100 
9.2 20 74 26 51 49 1 1  89 0.8 100 

Reaction temperature = 650 "C; volume of the catalyst = 1 mL; 
circulation time = 10 min; for the Li/MgO and (LiC1 + NaC1)MgO 
catalysts P(CH4) = 252 Torr and P(O2) = 21 Torr; balance = 10% 
Arhelium; for the NaCl-MrdSiOz catalyst P(CH4) = 486 Torr and 
P(02) = 44 Torr; balance = 10% Arhelium. 'Zero, one, and two 
indicate the number of atoms per molecule of product. 

NaCl-MdSiO2 

propylene, rather than from secondary dehydrogenation of the 
C2&. It should also be noted that, even at high 13CH4/C3H6 
reactant ratios, the observed COX product contains relatively little 
I3C, indicating that it was formed primarily from C3H6. 

From the results of Table 8 it also is evident that over the 
(LiC1 + NaCl)/MgO catalyst the cross-coupling of CHq and 
C3H6 contributes even more to the formation of C4 products 
than over the Li/MgO catalyst. At a I3CH4/C3H6 ratio of 14, 
97% of the C4 molecules contained one 13C atom. A small 
amount of C2H6 was formed, and it again contained almost 
exclusively two I3C atoms per molecule. These results suggest 
that methyl radicals tend to cross-couple with allyl radicals rather 
than react with other methyl radicals. Substantially more C2H4 
than C2H6 was formed, and most of the C2H4 molecules 
contained no I3C atoms. Hence, most of the C2H4 was derived 
not from ethane, but from propylene or from lS-hexadiene. 
Over the (LiC1 + NaCl)/MgO catalyst it was possible to detect 
up to 29% 1,5-hexadiene at a I3CH4/C3H6 ratio of 3.2, and as 
expected, the c6 molecules contained no I3C atoms. 

The I3C distribution in the C4 products obtained over the 
NaCl-MdSiO2 catalyst was similar to that obtained over the 
(LiCl + NaCl)/MgO catalyst. Again, at larger I3CH4/C3H6 
ratios, the C4 molecules mainly had one 13C atom. The I3C 
distribution in the C2H6, however, was significantly different 
from that observed for the other two catalysts in that over 51% 
of the C2H6 contained no 13C. This result is consistent with 
the observation that a significant amount of ethane was produced 
during the oxidation of 1,5-hexadiene over this catalyst. 

In order to compare these results with those obtained in the 
single-pass mode, the conversions and selectivities obtained for 
three catalysts in the recirculating mode are shown in Table 9. 
Comparison of the data for the L M g O  catalyst with those in 
Table 5 reveals that the COX selectivity is greater in the recycle 
mode, which is not surprising since the hydrocarbon products 
have more time to react. Nevertheless, at a CH4/C& ratio of 
ca. 10, the C4 selectivity only decreased from 37% to 26%, 
and the C2 selectivity actually increased. Therefore, the I3C 
distributions of Table 8 appear to be representative of those 
that would be obtained in a single-pass flow mode. As a result 
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TABLE 9: Effect of 13CI&/C3€& Ratio on the Distribution 
of Products over LilMgO, (LEI + NaCl)MgO, and 
NaCI-MdSi02 Catalyst@ 

conversion, % selectivity, % 

13cH4/c3& C3H6 I3cH4 0 2  cox c2H4 C2H6 c4' c6' 

Li/MgO 
1.8 48 5.6 85 67 12 2.4 19 0.0 
4.4 54 6.3 84 60 15 4.4 20 0.0 
9.2 60 6.7 73 50 15 9.6 26 0.0 
14 69 8.1 58 42 15 1 1  32 0.0 

3.2 21 4.5 35 34 6.4 0.3 31 29 
5.7 25 5.5 35 29 9.2 0.8 38 24 

11 38 8.8 27 20 15 2.1 52 1 1  
14 39 8.4 22 17 18 4.2 54 6.8 

0.8 42 5.1 87 49 14 1.7 23 12 
3.3 60 6.7 65 44 15 0.8 38 1.3 
5.7 71 7.3 58 34 17 0.3 49 0.7 
9.2 81 7.9 47 32 17 0.1 51 0.4 

"Reaction conditions were the same as those in Table 8. bC4 = 

(LiCl + NaCl)/MgO 

NaC1-MdSiOz 

1-butene and butadiene; c6 = 1,5-hexadiene. 

I 

Figure 2. ESR spectra of methyl and allyl radicals: (a) CH3' radicals 
formed over Li/MgO, (b) C3H5' radicals formed over Li/MgO; (b') C3H5' 
with a small amount of CH3', formed over (LiC1 + NaC1)MgO; (c) 
C3D5' radicals formed over LilMgO. 

of the longer contact times in the recirculating reactor, no 1,5- 
hexadiene was observed. 

Study of Surface-Generated Gas-Phase Radicals. The 
MIESR system has been extensively used previously to detect 
gas phase hydrocarbon radicals that emanate from catalytic 
surfaces during oxidation reactions.20v2' The system was 
originally designed to detect allyl radicals formed during the 
oxidation of pr~pylene , '~  although in recent years it has been 
primarily devoted to the detection of methyl radicals formed 
during the oxidative coupling of methane. Quantitative studies 
have shown that the coupling of methyl radicals in the gas phase 
is a major pathway for the catalytic production of ethane.22923 
The role of these surface-generated gas-phase radicals in cross- 
coupling reactions, however, has not previously been reported. 

The ESR spectra of methyl and allyl radicals are compared 
in Figure 2. The low field maximum at gll = 2.03 in the C3H5' 
radical spectrum results from C3H502' radicals which are formed 
in the cooler regions of the system. There is also a component 
of the peroxy radical spectrum at g i  = 2.00. Methylperoxy 
radicals have a similar value for gll; therefore, it is not possible 
to distinguish between the two species. The amount of peroxy 
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g - 2.003 

Figure 3. ESR spectra of CH3' and C3D5' radicals formed over Li/ 
MgO: (a) with Ar as the matrix gas; (b) with C02 as the matrix gas. 

radicals could be minimized by increasing the hydrocarbon-to- 
oxygen ratio, but it was desirable to operate under conditions 
that were not strictly oxygen limited. 

Except for the contribution of the peroxy radical spectrum, 
the observed C3H5' radical spectrum, obtained with Li/MgO as 
the catalyst, is in good agreement with a simulated spectrum 
that was based on g values and hyperfine splitting constants 
reported in the l i terat~re.~ Since there is no CH3' radical 
contribution to the spectrum, one can conclude that C-C bonds 
were not broken over this catalyst. By contrast, a small amount 
of CH3' was formed from C3H6 over the (LE1 -k NaCl)/MgO 
catalyst. This is evident from the reversal in amplitude for the 
outer two peaks, indicated by the dashed line in spectrum b' of 
Figure 2. Similar evidence for CH3' radicals from C3H6 was 
found in the spectrum (not shown) obtained when NaC1-Mn/ 
Si02 was the catalyst. The small or negligible amount of CH3' 
produced from C3H6 is consistent with the observation (Table 
8) that most of the C2H6 was derived from CHq over the Li/ 
MgO and (LiCl + NaC1)MgO catalysts. Over the NaC1-Mn/ 
Si02 catalyst, much of the C2H6 was derived from the cracking 
of 1 ,S-hexadiene. 

Since CH3' and C3H5' radicals have partially overlapping 
spectra, C3D6 was used as the form of propylene when both 
hydrocarbon reagents were present. The ESR spectrum of C3D5 
is shown in Figure 2, spectrum c. The relative concentrations 
of the CH3' and C3D5' radicals were obtained by performing a 
double integration of the spectra containing only one species. 
Then the amplitude of a peak in the derivative spectrum was 
related to this second integral. Using this ratio, it was possible 
to estimate the relative amounts of each radical from a composite 
spectrum. Because of the errors involved in this technique, the 
results are only semiquantitative; nvertheless, they provide 
evidence for trends that occurred over the catalysts. At the 
reaction temperatures of interest, a kinetic isotope effect of about 
1.5 is expected.24 The relative concentrations have not been 
corrected for this effect. 

We previously demonstrated that C02 poisons the active 
centers for CH3' radical formation on the more basic metal oxide 
 catalyst^.^^.^^ Thus, any comparison of CH3* radical formation 
at low pressures with the catalytic results obtained at consider- 
ably higher pressures must reflect this effect of C02. The 
comparative results reported here were obtained first with Ar 
and then with C02 as the matrix-forming gas. 

In Figure 3 the results obtained over a Li/MgO catalyst, with 
both Ar and C02 as the matrix forming gas, are compared. It is 

g = 2.003 - 
20 G 

Figure 4. ESR spectra of CH3' and C3D5' radicals formed over 
NaCl-MdSiOl: (a) with Ar as the matrix gas; (b) with CO2 as the 
matrix gas. 

TABLE 10: Relative Concentrations of Methyl and Allyl 
Radicals 

Ar matrix C02 matrix 
catalyst C3D5' CH3' C3D5' CH3' 

SrlLazO3 I .  1 21 1.5 6.4 
Li/MgO 23 6.1 0.4 0.4 
(LiCI + NaCl)/MgO 0.7 1.4 0.4 0.9 
NaCl-MdSi02 1 .o 2.2 0.7 1.6 

evident that in the presence of COz the total number of radicals 
formed decreased by more than an order of magnitude. 
Moreover, C02 had a greater poisoning effect on the production 
of allyl radicals than on the production of methyl radicals. By 
contrast, as shown in Figure 4, the effect of C02 was less 
dramatic for the NaC1-Mn/SiOz catalyst, which might be 
expected since this is a much less basic catalyst than Li/MgO. 
In this case, carbon dioxide had about the same poisoning effect 
on both methyl and allyl radical production. 

The relative concentrations of the two types of radicals are 
summarized in Table 10. In the absence of added COZ, Sr/ 
La203 was the most active catalyst for CH3' radical formation, 
with Li/MgO being the most active for C3H5' radical formation. 
When COZ was used as the matrix-forming gas, all of the 
catalysts became less effective for the generation of radicals; 
however, the effect was more dramatic for the strongly basic 
oxides, Li/MgO and Sr/LazO3. Even in the presence of COz, 
however, the SrLa203 remained the best catalyst for radical 
generation. This is surprising since Sr/LazO3 was not a 
particularly active catalyst for the conversion of CHq and C3H6 
(Table 2) .  The difference between the MlESR results and the 
conventional catalytic results may be due to the amounts of CO;? 
present in the two types of experiments. In the MIESR 
experiment, the pressure of C02 was about 1 Torr, whereas in 
the conventional catalytic experiment the pressure of C02 over 
Sr/LazO3 was about 22 Torr. 

The ratio of allyl-to-methyl radicals is perhaps not obvious 
from the COz-poisoned spectra of Figures 3 and 4. Because of 
the larger line width the second integral of the C3D5' spectrum 
is much larger than is apparent from the amplitude of the 
derivative spectrum. For each of the catalysts, except SrLa203, 
the CH3VC3D5' ratio was 1-2, but with SrLa203 this ratio was 
greater. In agreement with this observation, the C2/C4 product 
ratio was larger over SrLa203 than over the other catalysts 
(Table 2) .  



Catalytic Conversion of Methane and Propylene to 1-Butene 

Reaction Mechanism. The presence of both methyl and allyl 
radicals over the cross-coupling catalysts suggests that both 
heterogeneous and homogeneous reactions occur during the 
oxidative conversion of methane and propylene to 1-butene. The 
gas phase rate constants for the relevant gas phase reactions at 
650 "C are26-28 
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2CH3'- C,H, k, = 1.1 x lo-" cm3/(molecule s) (1) 

2C&' - 1,5-hexadiene 

k, = 2.0 x lo-" cm3/(molecule s) (2) 

CH3' + C3H5' - l-C4H8 

k3 = 2.0 x lo-" cm3/(molecule s) (3) 

CH3' + C3H6 - S-CdH,' 

k4 = 4.9 x cm3/(molecule s) (4) 

s-C4H,' - CH3' + C3H6 

k5 = 1.1 x lo6 s-l ( 5 )  

s-C4H9' - 1-C4H8 + H' 

k6 = 3.2 x lo4 s-' (6 )  

s-C,H,' + 0, - l-C4H, + HO,' 

k7 = 8.5 x cm3/(molecule s) (7) 

In addition to the coupling and cross-coupling reactions 1-3, 
one must also consider the formation of l-C4H8 via reactions 
4, 6, and 7. If one assumes a reasonable concentration of 1 x 
l O I 4  radicals/cm3 for both CH3' and C3H5*,22 then the rate of 
product formation via reactions 1-3 would be about 1 x lo", 
2 x lOI7, and 2 x l O I 7  molecules/(cm3 s) for ethane, 
1,5-hexadiene, and 1-butene, respectively. It turns out that the 
rate of 1-butene formation via the methylation of propylene is 
small because the s-CqH9. radicals prefer to revert back to CH3' 
and C3H6 (reaction 5 )  rather than to lose H' (reaction 6) or react 
with 0 2  (reaction 7). At C3H6 and 0 2  concentrations of 5 x 
l O I 7  and 4 x 1017 molecules/cm3, respectively, the relative rates 
are 1-5/16 = 36 and rdr7 = 30. Although the rate of s - C ~ H ~ '  
formation is 2 x l O I 7  molecules/(cm3 s), most of these radicals 
do not react further to produce 1-butene. These approximate 
results indicate that (i) the methylation of propylene is not a 
competitive route to the C4 products and (ii) the production of 
ethane is expected to be less than that of 1-butene, as was 
experimentally observed. The rate of l&hexadiene formation 
is comparable to that of 1-butene formation, but the 1,5- 

hexadiene reacts further, as noted in Table 7, to yield mainly 
propylene at 650 OC. 

Conclusions 
Of the several catalysts studied, NaC1-MdSiO2 was the most 

effective for the cross-coupling reaction involving methane and 
propylene to form 1-butene and butadiene. Experiments utiliz- 
ing I3C& c o n f i i  that methane incorporation does indeed occur 
in this reaction. The simultaneous formation of methyl and allyl 
radicals over the catalysts suggests that the coupling occurs via 
a heterogeneous-homogeneous mechanism. The coupling of 
allyl radicals with each other results in the formation of 1,5- 
hexadiene, which is unstable under reaction conditions and, to 
a large extent, converts back to propylene. 
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