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Thin-layer carbon supported Nafion-H catalysts were found to be active and highly 
selective (S > 98%) for the partial oxidation of CI-C 3 alkanes, in a three phase catalytic 
membrane reactor (3PCMR), under mild conditions and in the presence of HzO 2. The 
influences of the catalyst teflon loading and H20 2 concentration on the reaction rate have 
been evaluated. A reaction pathway, based on the electrophilic hydroxylation of the C-H 
bond of alkanes with protonated hydrogen peroxide (H30 ~-), is discussed. 
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1. In troduct ion  

Par t ia l  ox ida t ion  of  l ight paraf f ins  to useful  chemica ls  and l iquid fuels is a 
topic  of  grea t  in te res t  to the  gas and  p e t r o l e u m  industr ies .  T h e  in t roduc t ion  of  
func t iona l  groups  into the  light paraf f ins  r equ i r e  severe  and thus unselec t ive  
condi t ions  due  to the i r  chemica l  iner tness .  Howeve r ,  several  a t t empts  to achieve  
select ive par t ia l  oxidat ion  u n d e r  mild condi t ions  have  b e e n  m a d e  [1]. In this 
con tex t  the  use  of  H : O :  as ox idan t  has a t t r ac t ed  a grea t  deal  o f  in teres t  over  
the  last few years  since it has  a high active oxygen  con ten t ,  is readi ly  available 
and because  it gives H 2 0  as s econda ry  p r o d u c t  [2]. I n d eed ,  liquid phase  
act ivat ion of  a lkanes  wi th  H : O :  in the p r e s e n c e  o f  superac ids  [3,4], i ron 
complexes  [5] and t i t an ium silicalite [6] has b e e n  r e p o r t e d .  Besides,  it has also 
b e e n  d e m o n s t r a t e d  tha t  C H  4 can  be  ac t iva ted  via a radical  m e c h a n i s m  involving 
the  O H  species g e n e r a t e d  by the  reac t ion  b e t w e e n  F e  2+ and H 2 0  2 synthe t ized  
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Table 1 
List of thin layer catalysts 

Sample ~' S.A. Catalytic layer b 

(m2/g) Teflon (wt%) Nation (wt%) 

V3-1 20 30 10 
V3-2 10 30 10 
V3-3 n.d. 30 18 
K1-1 270 10 20 
K1-2 253 20 20 
K1-3 142 30 20 
K1-4 125 40 20 

a K and V codes refer to Ketjenblack and Vulcan carbons respectively. 
t, Nation and teflon loadings are calculated on carbon weight basis. 

in s i tu  by the electrochemical reduct ion of  0 2 [7]. More  recently, Kao et al. [8] 
have claimed an electrophilic pathway to describe the selective conversion of 
CH 4 into C H 3 O H  catalysed by Pd 2+ ions in a H 2 0  2 and trifluoroacetic 
anhydride solution. 

Therefore,  in order to bring an original contribution to this topic, here we 
report  on the selective partial oxidation of C1-C 3 paraffins with H 2 0  2 on thin 
layer carbon suppor ted  Naf ion-H (perfluororesinsulfonic acid) catalyst in a three 
phase catalytic membrane  reactor  (3PCMR).  

2. Experimental  

The catalysts were prepared by deposit ion of carbon-teflon paste on carbon 
paper,  activation at 300~ in N 2 a tmosphere  and subsequent  impregnation with 
an isopropanol solution of Naf ion-H (1100 E W  product,  Dupont ,  Wilmington, 
DE). Two types of carbon were used: Ketjenblack (EC 600 Akzo Chemie; S.A., 
950 m2/g)  and Vulcan (XC-72, Cabot  Corp.; S.A., 250 m2/g) .  Several catalysts 
with different teflon loading (10-40 wt%) have been  prepared.  The list of the 
thin layer catalysts is repor ted  in table 1. 

Catalysts have been  tested in a 3PCMR,  elsewhere described [9], suitably 
designed to prevent  the consecutive oxidation of the intermediate  products.  
Experimental  runs have been  carried out in batch mode  with recirculation of 
both gas and liquid phases, in the range 60-120~ at 1.4 bar  absolute pressure, 
with 1.4-1.8 g of catalyst (thickness = 6 • 10 .2 cm, S = 50 cm2), 17 mmol of 
alkane and H a O  2 concentrat ion ranging from 0.44 to 2.2 m o l / d m  3. Oxygenated 
products  were  t rapped at 2~ down-stream of the reactor  while the H 2 0  2 
concentrat ion change was followed by periodical titration with permanganate  
solution (0.1 mol /dm3) .  
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3. Results and discussion 
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In table 2 are presented the reaction rates and the distribution of products 
measured in the partial oxidation of C1-C 3 paraffins on catalyst V3-1 at 120~ 
As expected the reaction rate depends upon the chain length, while the 
selectivity to oxygenates remains always very high (>  98%) for all the paraffins. 
In particular, methane was oxidised selectively to methanol while ethane and 
propane mainly to acetaldehyde and acetone respectively. In all the experimen- 
tal conditions the catalysts have been found to be very stable. Indeed, Nafion-H 
is well anchored on carbon surface denoting both a good resistance to the 
leaching action exerted by the water and a high chemical stability in the 
presence of H 2 0  2. 

The partial oxidation of ethane has been studied in the range 60-120~ on 
catalyst KI-1. The  results presented in fig. 1 notably evidentiate that the 
selectivity to oxygenates (CH3CH2OH and CH3CHO) does not change with the 
increase in the reaction rate. The high selectivity (>  98%) experienced well 
accounts for the peculiar feature of the 3PCMR which allows the continuous 
removal of the reaction products from the liquid phase by steam stripping, thus 
avoiding their further oxidation. In fig. 2 is shown the hydrogen peroxide 
concentration dependence of the ethane conversion rate at 120~ over catalyst 
KI-1. The reaction order of H 2 0  2 results about 0.12. The slight enhancing 
effect exerted by H 2 0  2 on the conversion rate does not alter the distribution of 
products. 

The reactivity of the partially hydrophobic catalysts is strongly controlled by 
their teflon content [10]. Therefore, in order to asses the influence of this 
parameter on the performance of our thin layer catalysts we have evaluated the 
activity of differently teflon loaded catalysts of the series K1 in the ethane 
partial oxidation at 120~ The results reported in fig. 3 indicate that the 
reaction rate decreases almost linearly with the teflon loading. However, al- 
though the surface area of the catalysts decreases with the teflon loading likely 
as consequence of the blockage of the carbon micropores by the microsize 
particles of teflon attached on the surface of the macropores [10], the different 
reactivity exhibited by the samples of the series K1 cannot be exclusively related 

Table 2 
Partial oxidation of light paraffins on catalyst V3-1 at 120~ Selectivity to oxygenated products 

Alkane Reaction rate Selectivity 
of alkane (%) 
(10-s mol/s ,  g~t) 

CH 4 0.31 
C2H 6 1.80 
C3H 8 4.30 

CH3OH(100) 
CH3CH2OH(16); CH3CHO(82) 
(CH3)2CHOH(8); C2HsCHO(10); CH3COCH3(80) 
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Fig. 1, Partial oxidation of ethane on catalyst K1-1, Influence of reaction temperature on reaction 
rate and selectivity to oxygenates. [H20 2] = 0.44 mol/dm 3. 

Irl r 
- 1 6 . 2  / ' ,, 

[C2H61 �9 0,033 mol/drn s ,14 

16.416"3 f .................................................................................................................................................................. . . . . . . . . . . . . . . . . .  

16.5t . . . . . . . . . . . . . . . . . . . . .  

Fig. 2. H202 

- 1 6 . 6  ........................................................................................................................................................ 

- 1 6 . 7  ' ' ' 
-2  -1.5 -1 -o.5 o 

In [ H 2 0 2 ]  

concentration dependence of ethane partial oxidation 
T R = 120~ 

rate on catalyst KI-1. 



A. Parmaliana et al. / Light paraffins oxidation on thin-layer supported Nafion-H cat. 357 

r 10 -8 too l /s -  g cat) 
10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 ...................................................... + ' ~ - 3  

K1-4 

C ~ i 
0 10 20 30 40 50 

Teflon loading (wt%) 

Fig. 3. Reaction rate of ethane partial oxidation versus catalyst teflon loading. T R 
[H20 ;] = 0.44 tool/din 3. 

= 120~ 

to their different surface areas. Indeed, K1-1 and K1-2 samples have similar 
surface area (see table 1) while the activity of K1-1 is about twice that of K1-2. 
This leads us to hypothesize that the fraction of partial wetting [9], which 
decreases with the teflon loading, plays a fundamental role in controlling the 
reaction rate. 

Moreover, the conversion rates of propane partial oxidation on catalyst V3-1 
in the range 60-120~ were found to fit the Arrhenius plot, as shown in fig. 4, 
with an apparent activation energy, E~, of 7.6 kcal/mol.  

To elucidate the role of the catalyst and the nature of the oxidising species, 
several different experimental runs have been carried out: (i) 02 in the gas 
phase and only H 2 0  in the liquid phase; (ii) Cr2072- solution instead of H202; 
(iii) bare thin layer carbon catalyst in the presence of H202. As the oxidation 
reaction takes place only in the presence of Nafion-H and H2Oa, we infer that 
the reaction mechanism likely involves the electrophilic hydroxylation of C-H 
bond of the alkane with hydroperoxonium ion (H30~-) formed from the interac- 
tion of Nafion-H with H202 [4]. In particular, the partial oxidation of ethane 
should proceed according to the reaction pathway shown in fig. 5. The hydroxy- 
carbenium ion (3) can evolve towards either ethanol (4) or carbenium ion (5) 
which can react with excess of H202 giving ethyl-hydroperoxide (6). This 
complex, by rearrangement and cleavage, rapidly evolves to acetaldehyde (7). 
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Fig. 4. Arrhenius plot of propane partial oxidation on catalyst V3-1. [H202] = 0.44 tool /din 3. 

Similar electrophilic reaction pathways can be formulated to account for the 
partial oxidation of methane and propane. 

(i) Nafion-H (2)+ 
H202 �9 ~ H302 

C2H 6 + H302 + �9 
] . H + 

�9 CH3CH20H CH3- ~''OH (3) 

H 

- H20 

H 
(5)+ +H202 I'4+ (6) 

CH3CH 2 ~, C H 3 - C - O - O - H  

H H 

I- H +, - H20 (7) 
�9 CH3CHO 

Fig, 5. Reaction pathway for ethane partial oxidation with hydrogen peroxide catalysed by 
thin-layersupported Nafion-H catalysts. 
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4. Conclusions 

From the bulk of our results it emerges that: 
(i) thin layer supported Nafion-H catalysts, mediated by aqueous }-I202, are 

able to activate light paraffins under  mild conditions; 
(ii) thin layer supported Nafion-H catalyst denote a high chemical stability in 

the presence of H202; 
(iii) the activation mechanism of C~-C 3 paraffins likely involves the elec- 

trophilic hydroxylation of C-H bond with hydroperoxonium ion (H30~-); 
(iv) 3PCMR is a very novel and promising tool to achieve selective partial 

oxidation of light paraffins under  mild conditions. 
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