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Non-oxidative methane coupling over Co-Pt /NaY bimetallic catalysts 
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Methane activation and coupling of the CHx species formed from methane into higher hydrocarbons over NaY, Pt/NaY, 
Co/NaY, Co-Pt/NaY and Co--Pt/A1203 have been compared. Co-Pt/NaY and Co-Pt/AIEO3 showed exceptionally high yields 
(100%) referred to the adsorbed CHx species and high selectivity in the formation of C2+ hydrocarbons (83.6 and 92.6%, respec- 
tively) in the two-step reaction using 523 K for chemisorption and 523 K for hydrogenation. However, the amount of CHx is four- 
fold higher on Co-Pt/NaY than Co-Pt/A1203. The synergistic effect can be interpreted by insertion of Co into Pt inside the 
zeolite cages which causes a preferential coupling of CHx species vs. its hydrogenation into methane. Separate experiments carried 
out on the removal of CHx species with deuterium show that deep dissociation of methane does not occur on bimetallic catalyst 
and the weakly bonded CIZIx species can easily participate in chain building reaction on the surface. 
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1. I n t r o d u c t i o n  

Profound research has been carried out to study 
methane activation over metals, particularly over ruthe- 
nium and cobalt  supported on silica, to form active 
CHx species which could form higher hydrocarbons in 
the subsequent hydrogenat ion reaction [1-4]. This serves 
an alternative for oxidative coupling of  methane 
(OCM) in which a significant amount  of  methane is oxi- 
dized into CO2 [5-8]. 

The main problems in non-oxidative coupling are the 
low efficiency calculated for methane and the large gap 
between the temperature applied to activate methane 
and that at which the CHx fragments can be hydroge- 
nated [2]. Later,  precious metals, like Pt, Pd, Ir and Rh 
supported over silica, were applied possessing a higher 
yield in ethane, but  still low efficiency [9,10]. 

Recently, a series of  experiments were carried out 
using Na Y zeolite supported platinum catalyst which, in 
comparison with E U R O P t  1, gave a better yield in 
higher hydrocarbons,  and, more importantly, the tem- 
perature at which methane activation took place was 
523 K [11-15]. The yield calculated on the fraction of  the 
methane chemisorbed, became quite high. 

The reason why we started methane coupling over 
C o - P t / N a Y  catalysts is the following. First, methane 
can obviously be activated with high efficiency over well 
reduced cobalt catalysts, but the carbon deposited on 
the surface can easily be transformed into graphite or 
non-reactive carbon due to high temperature. As a 
result, a part  of  carbon is lost for further reaction and the 
catalyst is deactivated. Second, over P t / N a Y  the tem- 
perature of  methane decomposition is considerably low- 
ered which might be due to the small metal particles 
confined in the supercage of  NaY zeolite. Third, we have 

proven in a series of experiments that P t - C o / N a Y  
exhibits a superior behaviour in CO hydrogenat ion [16- 
20]. Furthermore,  this family of  catalysts has been well 
characterized and the presence of  bimetallic particles 
has been identified. 

In the present work we correlate the dissociative 
chemisorption of  methane with the production of  higher 
hydrocarbons over well characterized P t /NaY,  Co/  
NaY and C o - P t / N a Y  catalysts. In methane chemisorp- 
tion we determine the x values in the CHx species after 
chemisorption using the deuterium exchange method 
elaborated in our laboratory [21,22]. The CHx hydroge- 
nation experiments are studied in a flow system devel- 
oped by Belgued et al. [13]. 

2. Exper imenta l  

2.1. Sample preparation 

The P t /NaY,  C o / N a Y  and C o - P t / N a Y  catalysts 
were prepared by ion-exchange of  N aY  zeolite (Strem 
Chemicals, Lot  No. 031112104). In order to prepare ion- 
exchanged samples the zeolite support  was first stirred 
with carefully deionized water (200 cm3/gzeolite) at 343 K 
for 1 h. Dilute aqueous solution of  Pt(NH3)a(NO3) 2 or 
Co(NO3) 2 (2 • 10 -2 m o l / cm  3) was added dropwise to 
the zeolite slurry under stirring at 343 K. The pH of  the 
slurry was set to a final value of  6.5. After 24 h ion- 
exchange at the same temperature,  the samples were fil- 
tered and thoroughly washed with deionized water. For  
preparation of  C o - P t / N a Y  bimetallic material, Pt 2+ 
ions were introduced first; after filtering, the P t / N a Y  
was further exchanged with Co 2+ ion solution. C o - P t /  
A1203 was prepared by the incipient wetness method by 
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co-impregnation using Pt(NHs)4(NO3)2 and Co(NO3) 2 
solution. All materials were dried in air first at room 
temperature and then at 383 K for 2 h. Calcination in 
oxygen was carried out in a stream of O2 (40 cm 3/min) 
with a temperature ramp of 0.5 K/min from room tem- 
perature to 573 K, then holding the temperature here for 
2 h. Reduction of the samples was carried out in a stream 
of H2 (40 cm 3/min) raising the temperature to 723 K, 
holding the sample at this temperature for 1 h and then 
cooling down to room temperature. 

Metal content of the Pt and Co samples was deter- 
mined by X-ray fluorescence (XRF) and the metal load- 
ing along with the symbols of the samples, is given in 
table 1. The bulk atomic ratio of the pure NaY zeolite 
was Na/A1/Si = 0.38/0.38/1.00. 

2.2. Measurements of methane chemisorption 

Chemisorption of methane was studied in an all-glass 
circulating system connected to a mass spectrometer 
type Kratos MS 20 via a capillary leak to ensure a vis- 
cous flow for the gas components into the mass 
spectrometer. 1.3 kPa of methane was admitted to the 
catalyst sample reduced in situ in a stream of hydrogen 
followed by evacuation down to 10 -5 Pa, and circulated 
typically for 3 min. During methane chemisorption 
hydrogen was generated and monitored in the mass 
spectrometer at m/e -- 2. After chemisorption the cat- 
alyst was evacuated and 13 kPa of deuterium gas was 
added to the system. Typically at 373 K the adsorbed 
CHx species were removed in the form of CHxDy, where 
y is indicative of the number of deuterium atoms to 
form deuterated methane. In separate experiments we 
have given evidence [22] that additional hydrogen-deu- 
terium exchange occurs neither between deuterium and 
methane, nor between deuterium and the protons in the 
surface hydroxyl groups. Thus, the deuterium content in 
the methane formed after hydrogenation may reflect 
the hydrogen content of the adsorbed CH, species. 

In separate experiments the amount of CHx was 
determined by oxidation at 573 K in a stream of oxygen. 
The amount of CO2 trapped at liquid nitrogen tempera- 
ture, was determined by means of a mass spectrometer. 

2.3. Measurements of methane coupling 

A flow apparatus was constructed of stainless steel, 

Table 1 
Metal loading of the NaY supported samples measured by XRF meth- 
od. Inparentheses the atomic compositions of the metals are shown 

Catalyst Co (wt%) Pt (wt%) 

Co/NaY 1.5 (1.0) - 
Pt /NaY - 10 (1.0) 
Co--Pt/NaY 0.93 (0.23) 10.4 (0.77) 
Co-Pt/A1203 2.25 (0.5) 7.75 (0.5) 

except for the reactor (quartz), to measure the formation 
of higher hydrocarbons. All gases were purified to 
remove oxygen and moisture. High purity methane 
(Messer Griesheim T45, purity > 99.995) was applied 
for methane chemisorption. After having been reduced 
in a stream of hydrogen at 623 K, typically 100 mg of cat- 
alyst was flushed with helium and then methane at 
atmospheric pressure was introduced at 523 K. In order 
to determine the amount of methane chemisorbed on the 
surface, the carbon fragments were oxidized with oxygen 
at 523 K for 10 min. For this, the system was carefully 
flushed with He to remove the trace amount of methane, 
then after oxidation the forming CO2 was frozen in a 
loop of a sampling valve at liquid nitrogen temperature. 
The amount of CO2 collected was then determined by 
GC with TCD. 

For methane coupling the following procedure was 
applied. After the methane was chemisorbed at 523 K 
for 10 min, the system was carefully flushed with helium, 
then after setting the temperature to 523 K, the hydroge- 
nation started and the products were trapped in a loop 
of 3 cm 3 at liquid nitrogen temperature. Finally, the loop 
was closed, allowed to warm up to ambient temperature 
and its content was introduced into the gas chromato- 
graph and the products were separated over a phenyliso- 
cyanate/Porasil C column 1/8 inch i.d. and 1 m long, 
and measured by FID. The carbon balance was deter- 
mined by calibration. 

2.4. Catalyst characterization 

The samples were characterized by temperature pro- 
grammed reduction (TPR) and chemisorption [15], by 
X-ray photoelectron spectroscopy [19] and EXAFS 
measurements [23]. The results will be quoted through- 
out the paper. 

3. Resu l t s  a n d  d i scuss ion  

The data on dissociative chemisorption of methane 
and the amount of hydrogen evolved during 3 min circu- 
lation of 1.3 kPa methane, along with the CHxDy forma- 
tion after the removal of carbonaceous species from the 
surface using 13 kPa of deuterium at 373 K, are pre- 
sented in table 2. 

Although cobalt could be an active catalyst for 
methane dissociative chemisorption, reduction of Co 2+ 
ions into metallic particles encaged in NaY zeolite is dif- 
ficult because of the migration of Co 2+ ions into small 
cages. Due to the difficult reducibility of Co 2+ in NaY 
zeolite, methane uptake from the gas phase (methane 
initially present 102.5 #mol) was very small on Co/NaY 
(2 #mol/geat) compared to NaY supported Pt catalyst 
(8.2/zmol / geat)" 

In order to increase the reducibility of Co in NaY a 
second metal is added. In our laboratory the greatly 



Table 2 
Amount of methane chemisorbed, the amount of hydrogen evolved (in 
#mol/g~at) and the initial distribution of the deuterated species in 
methane 

Catalyst (CH4)ad s (H2)evolve d Initial % of CHxDy 
(/zmol/gcat) (#mol/goat) 

do dl d2 d3 d4 

a 60 

Co/NaY 2 0 67 0 15 14 3 
Co/A1203 4 0.43 12 0 12 29 47 
Pt/NaY 8.2 1.8 19 0 37 30 13 
Co-Pt/NaY 14.9 15 11 0 0 65 24 

enhanced reducibility of cobalt ions in the presence of 
platinum in NaY zeolite was proven by the superior per- 
formance of Co-Pt /NaY in the CO hydrogenation [16- 
20]. It is, therefore, interesting to use this system in the 
low temperature non-oxidative methane coupling reac- 
tions. Clearly, methane uptake was higher on Co-Pt/  
NaY at 523 K (14.9 #mol/g~at), than on both Pt/NaY 
(8.2 #mol/gcat) and Co/NaY (2 #mol/geat). This is the 
result of the increase in reducibility of Co ions in the 
presence of platinum, consequently, of the increase in 
the number of metal atoms exposed to the surface. 

The higher adsorbability of methane on Co-Pt/NaY 
catalysts is supported both by the proportion of CD4 
formed and the amount of hydrogen evolved during 
methane chemisorption. The amount of hydrogen 
recorded in the gas phase is significantly higher 
(15 #mol/gcat) than those measured over Pt/NaY 
(1.8 #mol/geat) , Co/NaY (near to nil) and Co/A1203 
(0.43 #mol/geat) [22]. Co/A1203 is applied only as a 
reference sample on which cobalt ions are reduced to a 
higher extent, than on Co/NaY. As shown in fig. 1, with 
increasing temperature both methane chemisorption 
and hydrogen generation rise. 

Initial distributions of the various deuterated prod- 
ucts in methane need further interpretation. On the Co/ 
NaY sample methane is hardly chemisorbed, dissocia- 

tion of hydrogen from the C-H bond does not occur as 
indicated by the amount of hydrogen evolved (practi- 
cally nil) and the predominant fraction of methane-d0. 
Since metallic cobalt is normally active in C-H rupture, 
when Co O is present (e.g. on the Co/AIEO3 sample [22]), 
the prevailing species in the deuterated methane is 
methane-d4. On the other hand, on Pt /NaY the amount 
of methane-d0 significantly decreases and maximum at 
methane-da, methane-d3 species is observed. On the Co- 
Pt/NaY sample a significant drop in methane-d0 is 
observed and the deuterium content in methane is shifted 
towards the value characteristic of Co, but still the extent 
of methane dissociation is reduced by the presence of 
Pt, thus methane-d3 becomes predominant. 

Methane coupling was carried out in two steps: in 
the first step, the methane passed over the catalyst sam- 
ple for 10 min at 523 K and at atmospheric pressure. 
Then the system was flushed with helium for 1 h followed 
by the second step when the chernisorbed species were 
hydrogenated at 523 K in a stream of hydrogen. Results 
are presented in tables 3 and 4. As can be seen methane 
chemisorption takes place also on pure NaY, but the 
amount is low and only very small amount of higher 
hydrocarbons is formed. Although a large amount of 
methane is adsorbed on Pt/NaY the yield is low, but the 
selectivity is high in formation of higher hydrocarbons 
in agreement with the results of Belgued et al. [12,13]. 
Co/NaY shows higher yield and high selectivity in 
higher hydrocarbon production. Nevertheless, methane 
chemisorption is low on Co/NaY, presumably because 
of the low degree of reduction of the cobalt ions into 
metallic particles in the zeolite cage [16]. 

The best result is obtained on Co-Pt /NaY bimetallic 
catalyst. Formation of bimetallic dusters in NaY 
supercage has been confirmed by TPR and XPS results 
[16,19]. The amount of methane chemisorbed is the high- 
est among the samples studied and the CHx species are 
converted to hydrocarbons in 100%. The selectivity for 
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Fig. 1. Chemisorption of methane over Co/NaY (�9 Co/A1203 ( � 9  and Co-Pt/NaY (�9 samples as a function of temperature. (a) CHx formed 
and measured by oxidation (pznol /gcat) and (b) hydrogen evolved during ehemisorption (/zmol / geat)" 
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Table 3 
Yield, conversion and selectivities o f  methane coupling over NaY, Pt /  
NaY, Co/NaY,  C o - P t / N a Y  and Co-Pt/A1203 catalysts 

Catalyst (CH4)ads a (CH4) . . . .  b YieldC Sc, d Sc2+ ~ 
(#mol/  (#mol/  (%) (%) (%) 

NaY 6.8 0.5 8.0 77.3 22.7 
P t / N a Y  32.0 2.5 7.8 23.7 76.3 
C o / N a Y  8.9 2.1 23.9 19.3 80,7 
C o - P t / N a Y  37.5 39.8 ~ 100 16.4 83.6 
Co-Pt/A1203 9.8 10.5 ~ 100 7.4 92.6 

a Amoun to fCH4  adso rbed in fo rmofCHx.  
b Amount  o fCHx convertedinto C2+ hydrocarbons. 
e (CH4) . . . .  /(CH4)ads inpercent.  
d Selectivity of  methane among the hydrocarbons formed. 
e Selectivity of  C2+ among the hydrocarbons formed. 

higher hydrocarbons is 83.6%, which is nearly as high 
as was reported in the open literature. A yield of 88% 
was reported by Jiang et al. using a trap for ethylene 
evolved in the catalytic loop [24]. The Co-Pt/A1203 sam- 
ple also shows high yield and high value in C2+ selectivity 
(Sc2+ is about 92%), but its adsorbability is fourfold less 
than on zeolite supported Co-Pt  bimetallic sample. 

In order to understand the mechanism of the process 
we have to consider the catalyst structure in respect of 
both particle size and reducibility. As shown in table 3 
the blank sample (without metal component) has negli- 
gible activity compared to metal containing samples 
because the metal component used for activation of 
methane chemisorbed, is missing. Pt is easily reduced in 
NaY zeolite, whereas cobalt is practically irreducible. 
Methane is easily activated on platinum indicated by 
methane/deuterium exchange. According to earlier 
studies carried out over Pt films step-wise exchange is 
predominant for methane/deuterium [25,26]. Due to the 
small particle size and zeolite environment, CHx species 
are formed with significant hydrogen content, the x 
value being between 1 and 2 as indicated by the low pro- 
portion of CD4 species shown in the experiments using 
deuterium (see table 2). 

Although cobalt is reduced to a small extent, it still 
manifests itself to be the best catalyst and the small 
amount of methane chemisorbed can be ascribed to the 
small number of metal atoms exposed to the surface. 
This is supported by methane chemisorption over Co/ 

Table 4 
Seleetivities (%) of  the various products over NaY, P t /NaY,  Co/  
NaY, C o - N / N a Y  and Co-Pt/AlzO3 catalysts 

Catalyst Cx C2 C3 C4 C5 C6 C7+ 

ethane ethylene 

NaY 77.3 - 16.2 0.7 5.8 - - - 
P t / N a Y  23.7 17.0 36.3 9.9 13.1 - - - 
C o / N a Y  19.3 64.6 5.6 0.7 0.7 3.3 5.4 3.1 
C o - P t / N a Y  16.4 58.2 0.2 1.1 0.6 17.9 5.0 0.6 
Co-Pt/A1203 7.4 3.7 13.9 2.3 2.0 20.7 16.8 33.2 

A1203 [22] on which, in the subsequent deuteration of the 
surface CHx species, the proportion of highly deuterated 
molecules increased. 

The best catalyst appears to be when cobalt and plati- 
num are combined inside the zeolite cage. Platinum facil- 
itates reduction of cobalt whose particle size is still 
small (X-ray amorphous [171) and a large number of 
metal atoms are exposed to the surface. Thus, methane 
chemisorption increases on bimetallic particles (see 
fig. 1), but the extent of its hydrogen dissociation during 
chemisorption is not as high as on pure cobalt [27] which 
is also supported by deuterium experiments (table 2). In 
addition, due to the enhanced hydrogen activation on 
the bimetallic particles, the conversion of CHx species 
into hydrocarbons occurs with 100% yield with a selec- 
tivity of C2+ close to 84%. 

The effect is explained in the following way. A combi- 
nation of Co with Pt matrix (Pt is in excess compared to 
Co) causes a synergistic effect on the secondary process, 
i.e., on the C-C bond formation. It must be noted that 
Co alone is an excellent Fischer-Tropsch catalyst to 
form higher hydrocarbons [271, consequently, probabil- 
ity of the chain propagation vs. hydrogenation is high. 
On the other hand, on cobalt the hydrogen chemisorp- 
tion is activated, therefore hydrogen is provided by dis- 
sociation mainly on Pt atoms. Hence, C-C bond 
formation from CHx vs. its hydrogenation to methane is 
favoured on cobalt promoted by platinum. The 100% 
yield is likely due to the diminished C-Co bond strength 
as a result of the presence of cobalt in Pt neighbourhood, 
thereby surface chain propagation is also facilitated. 

The "goodness" of Co-Pt /NaY catalyst in methane 
coupling could be predicted also from the results 
obtained in the experiments of dissociative methane 
chemisorption and the number of deuterium atoms in 
methane after deuteration. On the bimetallic catalyst the 
enhanced reactivity to form higher hydrocarbons is clo- 
sely related to the comparatively large fraction of the 
methane-d2 and methane-d3 indicating the presence of a 
non-completely dissociated form of methane. That is, 
for high reactivity a value of 1 < x < 2 for hydrogen con- 
tent in CHx is required. If the value ofx is too high, disso- 
ciative chemisorption of methane is hampered, if x = 0 
the carbon is easily transformed into non-reactive car- 
bon species. 

It is worth mentioning that in the distribution of 
higher hydrocarbons Co-Pt /NaY catalyst has a sharp 
maximum at C5 and C6. It might be a result of the zeolite 
matrix in which these hydrocarbons could preferably be 
produced. However, Co-Pt/AIEO3 also has high selec- 
tivity to these hydrocarbons but chain growth continues 
further as indicated by the high C7+ values. It is believed 
that on alumina supported Co-Pt  bimetallic catalyst no 
geometrical constraint exists thus higher hydrocarbons 
can also be produced, while in NaY the zeolite geometry 
prevents the formation of long chains. The advantage 
of zeolite supported Co-Pt  bimetallic catalyst is the pre- 
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fe r r ed  d i s soc ia t ive  a d s o r p t i o n  o f  m e t h a n e  ind i ca t ed  by  

the h igh  a m o u n t  o f  CHx  f o r m a t i o n  

4. Conclusions 

A synerg is t ic  effect  has  been  o b s e r v e d  in the  two-  
s tep m e t h a n e  c o u p l i n g  to  f o r m  h igher  h y d r o c a r b o n s  
over  P t / N a Y ,  C o / N a Y ,  C o - P t / N a Y  and  C o - P t / A 1 2 0 3  

ca ta lys t s .  
C o - P t / N a Y  a n d  C o - P t / A 1 2 0 3  showed  an  excep t ion-  

a l ly  h igh  y ie ld  (100%) re fe r red  to  the  a d s o r b e d  CHx spe- 
cies a n d  h igh  se lec t iv i ty  in f o r m a t i o n  o f  C2+ 
h y d r o c a r b o n s  (83.6 a n d  92.6%, respect ive ly)  a t  523 K 
for  c h e m i s o r p t i o n  a n d  523 K for  h y d r o g e n a t i o n .  The  
synergis t ic  effect  can  be i n t e r p r e t e d  by  inse r t ion  o f  Co  
in to  Pt  ins ide  the  zeol i te  cages  which  causes  a p re fe ren-  
t ia l  c o u p l i n g  o f  CHx species  vs. i ts  h y d r o g e n a t i o n  in to  
me thane .  E x p e r i m e n t s  wi th  d e u t e r i u m  show tha t  on  
b ime ta l l i c  c a t a l y s t  deep  d i s soc ia t ion  o f  m e t h a n e  does  
n o t  occur  ( smal l  a m o u n t  o f  CD4) a n d  the w e a k l y  b o n d  
CHx species  can  eas i ly  p a r t i c i p a t e  in cha in  bu i ld ing  reac-  

t ion  on  the surface.  
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