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ABSTRACT 

 
In this study, a new class of sulphonated and fluorinated polymeric catalytic 
membranes has been successfully obtained by different preparation methods 
based on the physical-chemical properties of the various supports used. A 
series of composite membranes obtained by incipient wetness impregnation, 
by deposition of the acid active species on the surface of a polymeric 
membrane support, and by the ultrafiltration method have been prepared. 
Along with these systems, several polymeric modified membranes by blending 
the superacid active species and a polymeric membrane support, have been 
successfully synthesized. A preliminary account of the morphology and the 
surface properties of the membranes, obtained by ATR spectroscopy, TGA 
and SEM measurements has been outlined. The catalytic behaviour of the 
sulphonated and fluorinated polymeric catalytic membranes was investigated 
in the selective partial oxidation of methane using H2O2 in a three phase 
catalytic membrane reactor operating at 80°C. The results show that among all 
the catalytic membranes studied, the 8% Nafion/PES-F promote effectively 
the reaction allowing a discrete catalytic activity in terms of reaction rate and 
methane conversion. The selectivity to CH3OH is 100% in all the adopted 
experimental conditions. 
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1. INTRODUCTION 
The direct conversion of methane to methanol is considered an important chemical 
process, since methanol has traditionally used as a solvent and/or feedstock for bulk 
organic chemicals such as the formaldehyde [1]. Therefore, the development of 
catalytic systems for the direct low temperature selective oxidation of methane to 
methanol has attracted the research interest of many academic and industrial research 
groups [2,8]. Generally, the experimental results of the research effort in this direction 
suffer from low methane conversion and poor methanol selectivity because the 
required product is more active than the methane itself [9-15]. Multifunctional 
catalytic membrane reaction systems appear to be the most suitable tools for 
overcoming both intrinsic reaction limitations and low yields of the selective 
oxidation of hydrocarbons since they allow simultaneously reaction under mild 
conditions, product separation and recovery [16-19]. Recently scientists focused their 
attention in the improvement of several kinds of polymeric membranes such as: 
sulfonated poly-phenoxybenzoyl-phenylene, sulfonated poly (ether-ether-ketone), 
sulfonated polyphosphazene, sulfonated polysulfone [20-22]. Zhang et al. patented a 
modified PEEK (PEEK-WC) [poly(oxa-p-phenylene-3,3-phtalido-p-phenylenoxa-p-
phenylenoxy-p-phenylene)] obtained from a polycondensation reaction between 4,4’-
dichlorobenzophenone and phenolphthalein [23-25]. Indeed, mechanistic evidence on 
the enhancing effect of S and F moieties ion on the performance of the Fenton system, 
in the promotion of the catalytic partial oxidation of methane, pointed our attention on 
the synthesis and developments of polymeric systems with sulphonic and/or fluorine 
groups in the departure monomers and/or the functionalization with these groups of 
polymers having adequate physical and mechanical properties [26]. Therefore, in this 
study a series of sulphonated and fluorinated based polymeric membrane systems for 
enhancing the performance of the Fenton catalyst has been sinthesized, characterized 
and tested in the selective oxidation of methane to methanol. 
 
 
2. EXPERIMENTAL (MATERIALS AND METHODS) 

All chemicals were obtained from commercial source and used as received, with 
exception of the following: potassium carbonate, purchased from Sigma Aldrich, used 
after drying under vacuum at 140°C; toluene, purchased from Riedel de Haёn and 
dried with metallic sodium. N,N dimethylacetamide used after drying over 4 Å 
molecular sieves; bisphenol A, purchased from Sigma Aldrich and purified by 
recrystallization in toluene and dried under vacuum at 100°C before the use in 
polymerization reactions; 4,4’-Dichlorodiphenylsulfone, bis(4-fluorophenyl) sulfone, 
4,4'-difluorobenzophenone, Hexafluorobisphenol A, received from Sigma Aldrich, 
recrystallized from ethanol to yield white needles and dried under vacuum before the 
use in polymerization reactions; PEEK-WC, was received from Chan Chung Institute 
of Applied Chemistry (Academia Sinica, China), it was Soxhlet extracted with 
methanol to remove completely the unreacted phenolphthaleine and oven dried before 
use.  
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The morphology of several membranes was studied by ATR (attenuated total 
reflection) spectroscopy using a Bruker IFS 28 spectrometer, with a nine-reflection 
SensIR diamond ATR unit. Termogravimetric analysis of catalytic membranes was 
performed on a Shimadzu TGA-50 instrument. The gas flow rate was 50 ml/min 
based on ASTM E 1131-93. The mass change of the sample was recorded 
continuously at temperature and time intervals. SEM observations of the cross-section 
and inner and outer surfaces were performed by a JEOL JSM/5600 LV electron 
microscope. Samples were freeze fractured in liquid N2 to produce a clean brittle 
fracture and were subsequently sputter coated with gold before SEM observation. 
Catalytic membranes were tested in a Three Phase Catalytic Membrane Reactor 
(3PCMR), suitably designed to prevent the consecutive oxidation of the intermediate 
products. During reaction care was taken to maintain a pressure difference of 3kPa 
(ΔP=Pg-Pl) between the gas and the liquid sides in order to control the filling of the 
pores in the hydrophobic catalytic layer with gas and the occurrence of physical 
damage to the membrane. Experimental runs have been performed in batch mode with 
recirculation of both the gas and liquid phases. Oxygenated products were condensed 
at 2°C downstream of the reactor. Typical oxidation experiments were carried out in 
the range 80-120°C, for 3-4 h, at 1.4 bar absolute pressure, [0.22 M] mol of H2O2. 
Reactants and products were analysed by a GC equipped with a FID detector using a 
CP Porabond Q column (l, 25 m; i.d.,  0.53 mm ) operating at 90 °C. H2O2 
concentration change was followed by periodical titration with permanganate solution 
(MnO4,[1·10-1 mol/l]). 
 
 
3.  SYNTHESIS OF SULPHONATED AND FLUORINATED POLYMERIC 

CATALYTIC  MEMBRANES 

PEEK membranes 

Poly ether ether ketones were synthetised with good results and ideal molecular 
weights. PEEKs have been prepared by nucleophilic aromatic substitution reaction of 
aromatic diols and 4,4’-difluorobenzophenone. PEEK membranes were prepared by 
the wet phase inversion technique. PEEK powder, was dissolved in 
dimethylformamide (DMF) by magnetically stirring overnight to allow complete 
solution at room temperature. A thin film of the polymer solution was cast on a glass 
plate using a casting knife (Braive Instruments) set at 250 μm, then the membrane was 
immersed in a coagulation bath after exposure for a fixed time to the air until 
complete evaporation of the solvent. After complete coagulation, the membrane was 
transferred into a pure water bath, to remove the traces of solvent and to promote the 
release of the polymeric film. The resulting membrane was dried under vacuum at 
70°C for 24 h. Fig. 1  shows the structure (Fig. 1a)  and a picture of  PEEK membrane 
(Fig.1b). 
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Figure 1.  a) Structure of PEEK membrane; b) picture of PEEK membrane; 
 

 

PEEK-V-SO3H: The sulfonation of PEEK was performed by dissolving 25 g of the 
dry polymer in 250 ml of 96% H2SO4. A viscous solution was obtained at the reaction 
temperature of 80 °C. The reaction was quenched by slowly pouring the solution into 
1 L of a distilled water/ice mixture in order to consume the heat of dilution. The 
sulfonated polymer was extensively washed with distilled water to remove the excess 
of acid, and dried in a vacuum oven at 60 ◦C overnight. The polymer  was dissolved 
in DMA (33 wt.%) under stirring at room temperature for 24 h. The polymer solution 
was left under vacuum for 30 min in order to remove air bubbles from the solution, 
and cast onto a glass plate using a casting knife set at 250 μm. The membrane was 
dried at 30 ◦C in a temperature-controlled oven under 5 mbar pressure. Then, the glass 
plate was put in a water bath in order to promote the release of the  polymeric film. 
The resulting membrane was washed with distilled water and dried for 24 h at 40 ◦C 
under vacuum. 
 
PEEK-F: As shown in Fig. 2, fluorinated aromatic poly (ether ketone) were prepared 
with the aromatic nucleophilic substitution condensation of 1,00 g (2,97 mmol) of 
hexafluorobisphenol A with 0,649 g (2,97 mmol) of 4,4’  difluoro benzophenone and 
0.616 g (4,46 mmol) of anhydrous potassium carbonate in a DMAc/toluene (10/12 
mL) solvent system. The temperature of round flask was maintained at 140°C for 3 h 
in order to remove all the water azeotropically with toluene from reaction mixture. 
Then, raised at 160°C for 6 hours. When the solution viscosity has apparently 
increased, the mixture was cooled down to 70°C and coagulated slowly into 100 mL 
of water, stirring to precipitate the polymer. After 24 hours the crude precipitated 
polymer was filtered off and prolonged washed with distilled water and ethanol. After 
drying under vacuum at 80°C for 10 h a 78% yield of blank polymer was obtained. 
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Figure 2. Synthesis of fluorinated aromatic poly ether ether ketone from 
exafluorobisphenol A 

 
 
 
PEEK-WC and Nafion/PEEK-WC membranes 

PEEK-WC membranes were prepared by the wet phase inversion technique following a 
procedure elsewere reported [21]. PEEK-WC powder, was dissolved in 
dimethylformamide (DMF) by magnetically stirring overnight to allow complete 
solution at room temperature,. A thin film of the polymer solution was cast on a glass 
plate using a casting knife (Braive Instruments) set at 250 μm, then the membrane was 
immersed in a coagulation bath after exposure for a fixed time to the air until complete 
evaporation of the solvent. After complete coagulation, the membrane was transferred 
into a pure water bath, frequently replaced in order to remove the traces of solvent and 
to promote the release of the polymeric film. The resulting membrane was soaked in a 
20% aqueous glycerol solution for 24 h in order to ensure the wetting of the membrane 
and to prevent pore  collapse or change of transport properties upon drying, and finally 
dried under vacuum at 70°C for 24 h. Fig. 1b shows a picture of a membrane. A 
composite 20% Nafion/PEEK-WC membrane has been prepared by deposition of a 
isopropanol solution of Nafion–H on flat PEEK-WC membranes using the 
ultrafiltration technique. The concentration of Nafion–H solution was chosen in order to 
give a Nafion surface loading of 1 mg/cm2. 
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Figure 3.  Picture (a) and structure (b) of PEEK-WC membrane 

 
 

PEEK-WC-SO3H: The sulfonation of poly (arylene ether sulfones and ketones) was 
carried out to increase their hydrophilicity and permeability. A number of synthetic 
routes for producing sulfonated aromatic polymer has been described in literatures 
[16,18,19]. However, these materials were often prepared by post- sulfonation of the 
polymers. Sulfonation of classical PEEK occurs without detectable degradation by 
simply dissolving the polymer in concentrated sulfuric acid at room temperature in the 
presence of a small amount of water to prevent the formation of crosslinking due to 
the formation of sulfonic bridges among the chains. We point out that this reaction 
occurs easily because of the presence of the activated aromatic rings (ether linkage). 
The electrophilic aromatic sulfonation of PEEK-WC was performed by dissolving 50 
g of the dry polymer in 500 ml of 96% H2SO4. A deep, red and viscous solution was 
obtained at the reaction temperature of 80 °C. The reaction was quenched by slowly 
pouring each viscous acidic fraction into 1 L of a distilled water/ice mixture. The 
sulfonated polymer was extensively washed with distilled water to remove the excess 
of acid, and dried under vacum at 60 °C overnight. Then the polymer was dissolved in 
DMA (33 wt.%) under stirring at room temperature for 24 h. The polymer solution 
was left under vacuum for 30 min in order to remove air bubbles from the solution, 
and cast onto a glass plate using a casting knife set at 500 μm. The membrane was 
dried at 30 °C under 5 mbar pressure. Finally, the glass plate was put in a water bath 
in order to promote the release of the polymeric film. The resulting membrane was 
washed with distilled water and dried for 24 h at 40 °C under vacuum. 
 

CATALYTIC MEMBRANES BASED ON COMMERCIAL POLYMER 

UDEL membranes: A taken amount of UDEL powder was dissolved in 1-methyl-2-
pyrrolidone (NMP) by magnetically stirring overnight to allow complete dissolution 
at room temperature. A thin film of the polymer solution was cast on a glass plate 
using a casting knife (Braive Instruments) set at 500 μm, then the membrane was 
exposed for a fixed time to the air and dried under vacuum at 70°C until complete 
solvent evaporation. Finally, the membrane was transferred into a pure water bath, 
frequently replaced in order to remove the traces of solvent and to promote the release 
of the polymeric film.  
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UDEL-SO3H: The membrane was prepared by UDEL direct solfonation reaction, in 
1,2 Dichloroethane, with a solfonating agent (1,2 Dichloroethane and Chlorosolfonic 
acid 1M) at room temperature. The sulfonation reaction was performed by dissolving 
4.14 g of the dry polymer in 75 ml of 1,2- Dichloroethane in a three neck distillation 
flask then the solfonating agent ( 10 ml) was slowly added. A deep pink viscous 
solution was obtained at room temperature. The reaction was quenched by slowly 
pouring each viscous acidic fraction into methanol in order to hydrolyze the polymer. 
The sulfonated polymer were extensively washed with distilled water to remove the 
excess of acid, and dried in a vacuum oven at 70 ◦C overnight.  
 

PES-F: The polymer was synthesized from 4,4’ (Hexafluoro-isopropylidene) 
diphenol and 4,4'-Difluorobiphenyl sulphone. After purification by crystallization and 
dehydration in oven, the two monomers, accurately hunged, were introduced with the 
catalyst, in a three neck flask with a dean stark trap. It has been introduced 1,00 g 
(3,93 mmol) of bis(4-fluorophenyl) sulfone, 1,32 g (3,93 mmol) of 
hexafluorobisphenol A and 0.81 g (5,90 mmol) of anhydrous potassium carbonate in a 
DMAc/toluene (10/12 mL) solvent system. The temperature of round flask was 
maintained at 140°C for 3 h in order to remove all the water azeotropically with 
toluene from reaction mixture. Then, raised to 160°C for 6 hours. When the solution 
viscosity had apparently increased, the mixture was cooled down to 70°C and 
coagulated slowly into 100 mL of water, stirring to precipitate the polymer. After 24 
hours the crude precipitated polymer was filtered off and prolonged washed with 
distilled water and ethanol. A 96% yield blank polymer was obtained after drying it 
under vacuum at 80°C for 10 h. The obtained polymer was soluble in THF e DMF 
and insoluble in H2O. 
 

PES-F-SO3H: The electrophilic aromatic sulfonation of fluorinated PES was 
performed by dissolving 0,50 g of the dry polymer in 10 mL of chlorosulfuric acid in 
a three necked round bottom flask equipped with a condenser and a nitrogen inlet. 
The mixture was magnetically stirred for 3 hours at 30°C. A deep, red and viscous 
solution was obtained. The reaction was quenched by slowly pouring viscous mixture 
into a large excess of crushed ice. The precipitate was recovered by filtration, 
extensively washed with distilled water to remove the excess of acid, and dried under 
vacuum at 60°C. The sulfonated poly(ethersulfone) membranes were obtained by 
dissolving the polymer in N,N-dimethylformamide (DMF) and casting the polymer 
solution on a Telfon plate. 
 

POLYMERIC BLENDS 

Blend of Nafion and PEEK-WC membranes. 

The membranes were prepared by the wet phase inversion technique. A PEEK-WC 
powder and a Nafion alcoholic solution, were separately purified and then dissolved 
in 1-methyl-2-pyrrolidone (NMP) to obtain 10 wt.% solution under magnetically 
stirring to allow the complete dissolution at 50°C. Once the complete polymers 
dissolution was reached, the two solutions were mixed at 50°C under stirring for 30 
minutes. A thin film of the polymer solution was cast on a glass plate (at 50°C) using 
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a casting knife (Braive Instruments) set at 500 μm and maintained at 50°C, then the 
membrane was exposed for a fixed time to the air and dried under vacuum at 60°C for 
2 h and at 100°C for further 4 h. Finally, the membrane was transferred into a pure 
water bath, frequently replaced  in order to remove the traces of solvent and to 
promote the release of the polymeric film. Several membranes with different Nafion 
loading (4, 8, 16 and 20 wt%), referred to the weight of the PEEK-WC polymer, were 
prepared. 
 
Blend of Nafion and PES membranes: The membranes were prepared by the wet 
phase inversion technique. A PES powder and a Nafion alcoholic solution, were 
separately purified and then dissolved in 1-methyl-2-pyrrolidone (NMP) by 
magnetically stirring overnight to allow complete solution at room temperature. The 
two polymeric solution were mixed and put in oil bath at 50°C to allow complete 
solution. A thin film of the polymer solution was cast on a glass plate (at 50°C) using 
a casting knife (Braive Instruments) set at 500 μm and maintained at 50°C, then the 
membrane was exposed for a fixed time to the air and dried under vacuum at 50°C 
until complete solvent evaporation. Then, the membrane was transferred into a pure 
water bath, frequently replaced in order to remove the traces of solvent and to 
promote the release of the polymeric film. With the same procedure, a membrane with 
8% Nafion loading referred to the weight of the polymer, supported on PES-F has 
been prepared. Fig.1c shows  a picture of a blend of Nafion and PES-F. 
 

 
 

Figure 4. Picture of the 8% Nafion/PES-F membrane 
 
 
Blend of PEEK-WC and Thymol Blue: The membranes were prepared by the wet 
phase inversion technique. A solution of PEEK-WC and a Thymol Blue(4-[9-(4-
hydroxy-2-methyl-5-propan-2-yl-phenyl)-7,7-dioxo-8-oxa-7λ6 thiabicyclo[4.3.0]nona 
1,3,5-trien-9-yl]-5-methyl-2-propan-2-y-1phenol) solution were used. The two 
solution were dissolved in dimethylformamide (DMF) by magnetically stirring 
overnight to allow complete solution at room temperature. A thin film of the polymer 
solution was cast on a glass plate using a casting knife (Braive Instruments) set at 500 
μm, then the membrane was exposed for a fixed time to the air and dried under 
vacuum at 50°C for 24 h. After complete solvent evaporation, the membrane was 
transferred into a pure water bath, frequently replaced  in order to remove the traces of 
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solvent and to promote the release of the polymeric film. Fig. 5 shows the Thymol 
Blue structure (5a) and a picture of a  Blend of Thymol Blue and PEEK-WC 
membrane (5b). 
 

 
 

Figure 5. a) Thymol Blue structure; b) Blend of Thymol Blue and PEEK-WC; c) 
Blend of Thymol Blue and UDEL-SO3H 

 

 

Blend of UDEL-SO3H and Thymol Blue: The membrane was prepared by the wet 
phase inversion technique. A UDEL-SO3H powder, previously synthesized, and a 
Thymol Blue solution supplied from Aldrich, were separately purified and then 
dissolved in dimethylformammide (DMF) by magnetically stirring overnight to allow 
complete solution at room temperature. Then, the two polymeric solutions were 
mixed and put in oil bath at 50°C to allow the complete dissolution. A thin film of the 
polymer solution was cast on a glass plate (at 50°C) using a casting knife (Braive 
Instruments) set at 500 μm and maintained at 50°C, then the membrane was exposed 
for a fixed time to the air and dried under vacuum at 50°C until complete solvent 
evaporation. Finally, the membrane was transferred into a pure water bath, frequently 
refreshed in order to remove the traces of solvent and to promote the release of the 
polymeric film. A picture of the obtained membrane is reported in Fig. 5 (5c). 
 
 

3. RESULTS AND DISCUSSION 

One of the problems which limit the further development of PEEK catalytic 
polymeric membrane is the difficult to create a chemical interaction between the 
polymer matrix and the sulphonic moieties. Therefore in order to evaluate the real 
interaction between PEEK matrix and sulphonic groups of membrane a series of 
chemical physical characterization by using several techniques has been performed. 
Fig. 6. shows the comparison between the ATR spectra of the starting two polymers 
and the 16% Nafion/PEEK-WC membrane obtained by blending of the two polymers. 
PEEK-WC and Nafion denote a structure extremely different, and their compatibility 
to molecular level rather doubt.  
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Figure 6. ATR spectra of PEEK-WC (blue), of Nafion (black) and blend of 16% 
Nafion /PEEK-WC (cyan). 

 
 
The shift of the signal seems to suggest that, instead of the formation of a chemical 
bond between the two polymers, take place a simply intimate contact, that is probably 
due to the preparation method, that lies in a simple mixture of the two polymers at 
room temperature. This assumption could be confirmed by the membrane morphology 
that appears not homogeneous and verified by the results obtained in the catalytic 
testing of such membrane. Indeed, the SEM analysis of transversal section of 
Nafion/PEEK-WC membrane reported in Fig.7 shows a spongiform compact structure 
for the top layer and a absolutely different underlying structure with greater porosity. 
There is the presence of a skin on the upper surface, exposed to the air during the 
casting, and a porous structure. The lower surface presents a bigger pore size. This 
heterogeneity could be an indication of a phase separation of the two polymers at the 
microscopic level. Indeed, the spectrum of 16 wt % of Nafion 117 (blue) shows 
presence of the chemical groups of PEEK-WC (red), 1765 cm-1 C=O stretching 
attributed to ketone and to ester, 1230 cm-1 stretching of C-O-C lactonic groups) and 
of the Nafion 117 (black) (1307cm-1 due to C-F stretching, 1143cm-1 CF2 sym. 
stretching, 1057cm-1 S-O sym. stretching e a 980cm-1 the broad of C-F). However the 
absence of new signal or the shift of the existing characteristics of the two polymer, it 
makes to think negligible the chemical interaction between the two polymer chains. 
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Figure 7. SEM picture of transversal section of 16% Nafion /PEEK-WC blend 

 
Polyethersulfones (UDEL and PES), show high resistance to hydrolysis, high thermal 
stability and oxidative resistance, PES also possesses very high group dipole moments 
and hence should result in much stronger dipole-dipole interactions with water than in 
the case of the other functional groups, thus the membrane should retain water at 
higher temperatures [28]. A comparison between the ATR spectra of PES-F and the 
SPES-F polymers is reported in Fig. 8. It is evident that probably the synthesis of the 
polymer was performed successfully, the spectrum of the PES polymer shows bands 
at 1057cm-1 for S-O sym. stretching and at 980cm-1 for the C-F stretching. The spectra 
shows ,also, signal at 1509 cm-1of C-O-C group due to ether groups. The signal at 
1488 cm-1 is due to SO2 group. Signal at 1205 cm-1 is assigned to C-F3 groups. The 
PES-F polymer was sulfonated in order to prepare a polymer with the same Nafion 
features, containing, both Fluorine and SO3H groups.  

 

 
Figure 8. Comparison between ATR spectra of a) PES-F and  b) PES –F 

sulfonated membranes 
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TGA analysis was performed on PES-F and SPES-F samples in order to evaluate their 
thermal stability.The results reported in Fig. 9 show the thermogram of the PES-F 
before sulphonation while Fig. 10 shows a comparison between the PES-F polymer 
and the same polymer after sulphonation (SPES-F).  
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Figure 9. TGA Analysis - PES-F   

 
The TGA curves indicate that the weight loss up to 200°C is typical of H2O 
evaporation, whereas the weight loss at about 373.46°C, that does not occur in the 
fluorinated polymer before sulphonation, is attributed the desulphonation, which 
occurs at a markedly lower temperature than the degradation of the polyaromatic 
backbone (~500°C). It should be noted that the thermal stability determined by the 
TGA experiments may be overrated to some degree. 
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Figure 10. TGA Analysis: comparison between PES-F and SPES-F   
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Results obtained in the testing of Nafion/PEEK-WC membranes prepared by incipient 
wetness suggest us the need to select an innovative technique in order to develop  new 
membranes not suffering of leaching phenomena [27]. “Blending” of the two 
polymers could represent a valid alternative in realising the above mentioned 
membranes, since it make possible the inclusion of the acidic moieties in the 
polymeric structure of the support avoiding the loss of the active species. Solution 
blending can be defined as the mixing of two different polymers to give a new 
polymeric material with a different chemical structure from pristine materials. 
Through the solution blending it is possibile to reduce the cost of a polymeric material 
by mixing with a less valuable material without changing the performance, to 
develope materials with specific chemical and mechanical properties, to improve a 
number of characteristics of a polymer using the synergistic interactions with the 
other polymer. In view of the results obtained with the membrane functionalized with 
sulfonic groups [27] an attempt has been made to develop membranes containing 
these functional groups already in one of the two starting polymers. 
Polyaryletheretherketones and sulfones where chosen because they show a good 
chemical stability to oxidation. The idea was to use two components, one sulfonated 
and/or fluorinated for catalytic function, and the other for mechanical stability . A 
class of compounds that seemed to meet these requirements was constituted by azo-
dyes, containing in the basic structure the-SO3 groups. It was chosen as probes the 
Thymol Blue and were prepared membranes as blend of PEEK-WC/Thymol Blue.  
A comparison of the catalytic behavior of the polymeric membranes is reported  in 
Table 1 in terms of reaction rate. The selectivity to CH3OH is 100% in all the adopted 
experimental conditions. It can be seen from the data that among the systems, only 
sulphonated PEEK and the fluorinated PEEK show a lower catalytic performance 
than the blank test. This is probably due to an high instability of the membrane and a 
gradual "disintegration" (for its solubility in H2O) during the reaction. Data reported 
in Table 1 evidence that the PES-F+8% Nafion denote a catalytic activity higher than 
that of all other systems, comparable to that obtained with the SPES-F membrane. 
Higher specific activity values of PES-F+8% Nafion and SPES-F systems, confirm 
the enhancing role played by the simultaneous presence of fluorine and sulphonic 
groups in the promotion of the Fenton reaction, in fact the system PES-F +8% Nafion 
presents simultaneously the Nafion SO3H groups and the fluorine groups from the 
PES-F. The Fluorine groups improve the oxidability of the iron ions and consequently 
promote the Fenton reaction and the paraffins partial oxidation. The lower activity of 
Nafion/PEEK-WC blends respect to that obtained with Nafion/PES blend is probably 
a consequence of the lower chemical interaction between the two polymer chains. 
Indeed, results evidence that an increasing of the Nafion loading is responsible of a 
decreasing of the membrane activity. This result confirms the SEM characterization 
data that evidence an heterogeneity typical of a phase separation of the two polymers 
at the microscopic level and therefore the Nafion chains tend to aggregate each other, 
especially to higher concentrations disturbing themselves and making more difficult 
the access of reagents on the active sites, hindering the catalytic activity of the 
membrane at higher Nafion loading. 
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Table 1 . Partial oxidation of CH4 at 80°C. Activity data of synthesized polymeric 
membranes 

Sample 

Code 

Catalyst   

Composition* 

Nafion  

loading 

(%) 

Reaction rate 

(10-6 molsec-1) 

 Fenton System  30 

PEEK-S SULPHONATED PEEK- - 30 
PEEK-F FLUORINATED PEEK - 31 
NPEEK-WC NAFION/PEEK-WC 20 40 
PEEK-WC-
S 

SULPHONATED PEEK-
WC 

- 38 

UDEL-S SULPHONATED UDEL - 44 
PES-F FLUORINATED PEF - 48 
SPES-F SULPHONATED- 

FLUORINATED PEF 
- 68 

8BNP Blend of NAFION/PEEK-
WC 

8 48 

16BNP Blend of NAFION/PEEK-
WC 

16 44 

20BNP Blend of NAFION/PEEK-
WC 

20 36 

8BNPESF Blend of NAFION/PES-F 8 74 
BTP Blend of THYMOL 

BLUE/PEEK-WC 
- 46 

BUDEL-S-T Blend of UDEL-
S/THYMOL BLUE 

- 38 

a)reaction rate and product selectivity  after 15 min. of time on stream  
 
 

CONCLUSION 

In conclusion a series of new polymeric catalytic membrans have been successfully 
sinthesized, The preliminary testing has evidenced a considerable catalytic activity of 
polymeric based systems. Results presented in this work confirm that Nafion based 
polymeric catalytic membranes denote a good performance in the selective oxidation 
of methane and propane to oxygenates with the Fe2+-H2O2 Fenton system under mild 
conditions (TR, 70-100°C; PR, 140kPa). Among all the membrane prepared and 
studied, the blend of “PES-F +8% Nafion” system presents a higher specific activity 
confirming  the enhancing role played by the fluorine and sulphonic groups in the 
oxidability of the iron ions and consequently in the promotion of  the Fenton reaction 
and then the methane partial oxidation to methanol. 
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