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APPENDICES

Appendix A Fourier Transform Infrared Spectrometer (FTIR)

FTIR spectrometer (Thermo Nicolet, Nexus 670) was used to study the 
chemical structures of poly(2,6 -dimethyl-1,4-phenylene oxide) (PPO) and sulfonated 
poly(2,6 -dimethyl-1,4-phenylene oxide) (SPPO). The spectrometer was operated in 
the transmittance mode in the wave number range 400-4000cm_1. Optical grade KBr 
was used as the background material. PPO and SPPO are mixed with KBr before the 
measurement.

W a v e n u m b e r  ( c m ^ )

Figure A1 FTIR spectrum of PPO and SPPO.
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The FTIR spectra of PPO and SPPO and are shown in comparison in Figure 
Al, indicating characteristic bands of the pendant sulfonic groups (-SO3H) on the 
polymer chains. Some peaks such as 3500 and 669 cm 1 appear after sulfonation, the 
characteristic transmittance peaks at 1060 and 1100-1300 cm 1 (broad peak) in SPPO 
indicate the ร= 0  bonds, and the peak at 1060 cm” 1 corresponds to the symmetric 
stretching band of the aromatic -SO 3H group, and the peak at 669 cm 1 is due to the 
C-S stretching vibration. The broad band in the SPPO samples at around 3500 cm 1 

can be assigned to the O-FI vibration. From the result, sulfonic groups have been 
introduced successfully into the polymer backbone (Li et al, 2007, Sadrabadi et al, 
2008).

Table Al Characterization of FTIR spectrum of SPPO
Wavenumber (cm 1) Assignment References

669 C-S stretching vibration Sadrabadi et al., 2008, 
Li et ai, 2007

1100-1300 s= 0  bonds in -SO 3H group Sadrabadi et al, 2008, 
Li et al, 2007

3500 O-FI vibration Sadrabadi et al, 2008, 
Li et al., 2007
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Thermogravimatric analysis (TGA, G50) was used to determine the thermal 
stability of PPO and SPPO. The membranes were dried in vacuum for 24 hours to 
remove any moisture in the membranes. The experiment was carried out by 
weighting a membrane sample of 4-20 mg and placed it in an platinum pan. The 
sample pan was heated under nitrogen atmosphere from 30 to 800 °c with a heating 
rate 1 0  °c/min.

A p p e n d ix  B  T h e r m o g r a v im a t r i c  A n a ly s is  (T G A )

Figure B1 TGA curve of PPO and SPPO.

Figure B1 shows the thermal stabilities of PPO and SPPO. PPO begins to lose 
weight at 480 ๐c, which is owing to the degradation of the polymer chain. Three 
main weight loss stages can be exhibited for SPPO. The first weight loss is located at 
50-100 °c, which is related to the desorption of moisture bonded to the hydrophilic
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sulfonic groups (-SO3H). The second stage weight loss starts at 200-260 °c, which 
could be caused by the decomposition of the sulfonic groups. And the final weight 
loss is close at 420-480 ๐c , which may be due to the polymer main chain degradation 
(Li et al, 2007).

Table B1 Characterization of TGA curve of SPPO
Temperature

(°C) Assignment references

50-100 Desorption of moisture bonded to the 
sulfonic groups (-SO3H)

Li et al., 2007, 
Smitha et al., 2003

200-260 Decomposition of sulfonic groups 
(-SO3 H)

Li et al., 2007, 
Smitha et al., 2003

420-480 The degradation of the polymer main 
chain

Li et ai, 2007, 
Smitha et al., 2003
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Degree of sulfonation is defined as the number of sulfonic groups per 
repeating umits in polymer chain. The polymer membranes were acidified by 2 M 
HC1 solution at room temperature for 24 hours. Then the membranes were dried 
at 60 °c for 24 hours. After that the membranes were placed in a NaCl solution for 
24 hours. And then, the solution was titrated with 0.01 M NaOH by using 
phenolphthalein as an indicator. Degree of Sulfonation was calculated by the 
following equation:

A p p e n d ix  c  D e g re e  o f  S u lfo n a tio n  (D S )

Dc _  ^NaOH X MNaOH) / 1 0 0 0  „ 1 0 0  (Cl)
Mole of polymer membrane

where DS is the degree of sulfonation (%), F t t a O H  is the volume of NaOH consumed 
(ml), and M s i a O H  is the molarity of NaOH.

Table Cl Degree of sulfonation of SPPO membranes with various amount of 
concentrated sulfuric acid
Amount of 

cone. H2SO4 

(ml)
Degree of Sulfonation (%) Average

(%) STD.

23.33 19.23 18.13 19.23 18.86 0.64
46.67 23.27 24.26 24.26 23.93 0.57
116.67 30.34 29.49 30.34 30.06 0.49
233.33 30.45 32.27 32.27 31.66 1.05
583.33 30.10 33.16 31.12 31.46 1.56
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Volume of concentrated sulfuric acid (ml)

Figure Cl Degree of sulfonation of SPPO as a function of amount of concentrated 
sulfuric acid.

Poly(l,4-phenylene sulfide) (PPS) was dissolved in many solvent at various 
temperature as shown in Table C3. As a result, PPS cannot be dissolved in any 
solvent.
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Table C2 The solubility of polyphenylene sulfide (PPS)

PPS Solvents (20 ml)
Boiling point 

of solvent
(๐C)

Temperature 
for dissolving

;™
Remark

0 . 2 0  g Dimethylform amide 153.0 1 2 0 Insoluble
0 . 2 0  g Dimethylacetide 166.1 1 2 0 Insoluble
0 . 2 0  g Dimethylsulfoxide 189.0 1 2 0 Insoluble
0 . 2 0  g Toluene 1 1 0 . 6 1 2 0 Insoluble
0 . 2 0  g Cone, sulfuric acid 337.0 1 2 0 Insoluble
0 . 2 0  g N-Methyl-2-pyrrolidone 2 0 2 . 0 1 2 0 Insoluble
0 . 2 0  g Tetrahydrofuran 6 6 . 0 30 Insoluble
0 . 2 0  g Chloroform 61.2 30 Insoluble
0 . 2 0  g Dichloroethane 39.8 30 Insoluble
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Ion exchange capacity (IEC) of the SPPO membranes was measured by a 
titration. The membranes were cut into small pieces. Then the membranes were 
immersed into 1 M NaCl solution for 24 hours. The solution was titrated with 0.01 M 
NaOH solution. Phenolphthalein was used as an indicator. Ion exchange capacity 
was calculated from following equation:

A p p e n d ix  D  Io n  E x c h a n g e  C a p a c i ty

IEC Consumed NaOH X  m olarity  NaOH
พ ิ^ ,

(D l)

where IEC is the ion exchange capacity (meq/g), T N a 0 H  refers to the volume of 
sodium hydroxide solution, CNa0H refers to the concentration of sodium hydroxide 
solution.

Table Dl Ion exchange capacity of SPPO membranes with various sulfonation
degree

Polymer IEC (meq/g) Average
(meq/g) STD.

SPPO, DS = 18.86 1 . 1 1 1 . 2 1 1 . 2 1 1.18 0.06
SPPO, DS = 23.93 1 . 2 2 1.39 1.39 1.33 0 . 1 0

SPPO, DS = 30.06 1.71 1 . 6 6 1 . 6 6 1 . 6 8 0.03
SPPO, อร = 31.66 1.69 1.76 1.76 1.74 0.04
SPPO, DS = 31.46 1.76 1.70 1.76 1.74 0.03

Nafion 117 
(Woo et al, 2003) - - - 0.91 -
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Figure D1 Ion exchange capacity of SPPO as a function of degree of sulfonation.



68

The SPPO membranes were dried in an oven at 100 °c for 24 hours, 
weighed, and placing into distilled water overnight at room temperature. After that, 
the membranes were taken out, quickly wiped with a tissue paper. The membranes 
were weighted again. The water uptake of SPO membrane was calculated form 
following equation:

A p p e n d ix  E  W a te r  U p ta k e

W ater uptake =  wet -----—  X  100%™ciry
(E l)

where VKwet and VPdry refer to the weights of the wet and dry samples, respectively.

Table El Water uptake of SPPO membranes with various sulfonation degree
Polymer Water uptake (%) Average (%) STD.

SPPO, 18.86 10.34 10.71 9.89 10.32 0.41
SPPO, 23.93 12.64 12.94 13.33 12.97 0.35
SPPO, 30.06 14.81 13.51 12.73 13.69 1.05
SPPO, 31.66 13.74 14.29 15.84 14.62 1.09
SPPO, 31.46 15.48 14.13 13.04 14.22 1 . 2 2

Nafion 117 
(Woo et al.1 2003) - - - 34.21 -
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Degree of sulfonation (%)

Figure El Water uptake of SPPO as a function of degree of sulfonation.

Table E2 Water uptake of composite membranes at various concentrations
Composite
membranes

(%v/v)
Water uptake (%) Average (%) STD.

SPPO, DS = 31 13.74 14.29 15.84 14.62 1.09
CM 0.1 % 13.10 13.75 1 2 . 2 0 13.01 0.78
CM 0.5 % 12.33 11.69 11.39 11.80 0.48
CM 1% 9.09 9.62 9.47 9.39 0.27
CM 2% 8.89 9.52 8.99 9.13 0.34
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Figure El Water uptake of composite membrane as a function of content of zeolite.
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A p p e n d ix  F  P r o to n  C o n d u c t iv i ty

The proton conductivity of the membranes was measured by using Agilent 
E4980A LCR meter. The fully hydrated membrane was cut into 0.5 X  0.5 cm pieces 
and coated with silver. The coated membrane was measured at a IV, and using the 
alternating current in the frequency range of 20 Hz -  2 MHz. The conductivity was 
calculated from the impedance as follow:

d
R X  A (FI)

where <7 is the proton conductivity (S/cm), d is the thickness of the membrane, ร is 
the area of the interface of membrane in contact with the electrodes, and R refers to 
the measured resistance of the membrane -  derived from the low frequency 
semicircle on the complex impedance plane with the z  axis (Park et al., 2006).

Table FI Proton conductivity of SPPO and composite membranes at various 
concentrations

Composite
membranes

(%v/v)

Proton Conductivity (S/cm)
STD.No.l No.2 Average

SPPO, DS = 31 1.04x10'2 9.67x10‘3 1 .0 0 x 1 O' 2 ~1.63xl0~4
CM 0.1 % 7.23 xl0~3 7.45x1 O' 3 7.34x1 O' 3 5.26x10'4
CM 0.5 % 5.76x1 O' 3 5.85x 10"3 5.80X10'3 1,56x 10"4

CM 1 % 5.60x1 O' 2 5.58x10’3 5.59x10"3 6.58x 1 0 ’ 3

CM 2 % 4.43x1 O' 3 4.66x1 O' 3 4.54x1 O' 3 1 .1 2 x 1 O’ 5

Nafion 117 
(Woo et al, 2003) - - l.OOxlO' 1 -

CM = Composite membrane
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Figure FI The proton conductivity of composite membranes as a function of 
content of zeolite.

Table F2 Raw data of Proton conductivity calculations

Polymer Thickness
(cm) Area (cm2) R (ohm) Proton

conductivity' (S/cm)

CM 0.1 % 1.72x1 O' 2 9.62x1 O’ 2 14.28 7.23xlO‘J
1.72x1 O' 2 9.62x10"2 15.38 7.45x 10"2

CM 0.5 % 1.60x1 O' 2 9.62x1 O' 2 24.73 5.76x10’3
1.60x1 O' 2 9.62x1 O' 2 24.00 5.85xl0’J

CM 1 % 1.90xl0'2 9.62x10'2 28.90 5.60x10‘J
1.90x1 O' 2 9.62x1 O' 2 28.44 5.58xl0‘j

CM 2 % 2.31 x l0 ‘ 2 9.62x1 O' 2 35.30 4.43x10 2
2.31 x l0 ‘ 2 9.62X10-2 35.40 4.66X10' 2

SPPO, DS = 31 1.43x10 ' 2 9.62x1 O' 2 14.28 1.04x10'2
1.43x1 O' 2 9.62x1 O' 2 15.38 9.67x10‘J
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T a b le  F 3  P ro to n  c o n d u c tiv ity  raw  d a ta  o f  c a lc u la tio n s  S P P O , D S  = 31 m em b ran e
Frequency, Hz z, ohm r, Radian Z'=Zcosr Z"=Zsinr

80000 15.39 -2.75E-04 15.39 -0.004
1 0 0 0 0 0 15.39 -3.44E-04 15.39 -0.005
2 0 0 0 0 0 15.40 -7.10E-04 15.40 -0 . 0 1 1

400000 15.41 -1.39E-03 15.41 -0 . 0 2 1

600000 15.41 -2.07E-03 15.41 -0.032
800000 15.44 -2.77E-03 15.44 -0.043

1 0 0 0 0 0 0 15.48 -3.45E-03 15.48 -0.053
1 2 0 0 0 0 0 15.56 -4.14E-03 15.56 -0.064
1400000 15.63 -4.84E-03 15.63 -0.076
1600000 15.69 -5.65E-03 15.69 -0.089
1800000 15.80 -6.29E-03 15.80 -0.099
2 0 0 0 0 0 0 15.94 -7.04E-03 15.94 -0 . 1 1 2

Z' (Ohm)
14.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0

F ig u re  F 2  N y q u is t p lo t o f  S P P O . D S  =  31 m em b ran e .
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T a b le  F 4  P ro to n  c o n d u c tiv ity  raw  d a ta  o f  c a lcu la tio n s  S P P O , D S  =  31 m em b ran e
Frequency, Hz z , ohm r, Radian Z'^Zcos r Z"=Zsinr

80000 14.29 -4.95E-03 14.29 -0.071
1 0 0 0 0 0 14.33 -5.62E-03 14.33 -0.081
2 0 0 0 0 0 14.40 -8.43E-03 14.40 -0 . 1 2 1

400000 14.47 -1.30E-02 14.47 -0.188
600000 14.50 -1.70E-02 14.50 -0.247
800000 14.55 -2.04E-02 14.55 -0.297

1 0 0 0 0 0 0 14.61 -2.30E-02 14.60 -0.335
1 2 0 0 0 0 0 14.69 -2.60E-02 14.68 -0.382
1400000 14.76 -2.79E-02 14.76 -0.412
1600000 14.84 -2.97E-02 14.83 -0.441
1800000 14.89 -3.07E-02 14.88 -0.458
2 0 0 0 0 0 0 14.95 -3.18E-02 14.94 -0.475

Z' (ohm)
13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0

F ig u re  F 3  N y q u is t p lo t o f  S P P O , D S =  31 m em brane .



75

T a b le  F 5  P ro to n  co n d u c tiv ity  raw  d a ta  o f  ca lcu la tio n s  C M  0.1 %
Frequency, Hz z , ohm /*, Radian Z’=Zcosr Z"=Zsinr

60000 25.83 -9.97E-05 25.83 -0.003
80000 25.82 -1.40E-04 25.82 -0.004

1 0 0 0 0 0 25.83 -1.93E-04 25.83 -0.005
2 0 0 0 0 0 25.80 -4.09E-04 25.80 -0.011
400000 25.80 -7.66E-04 25.80 -0 . 0 2 0

600000 25.70 -1.09E-03 25.70 -0.028
800000 25.61 -1.33E-03 25.61 -0.034

1 0 0 0 0 0 0 25.50 -1.61E-03 25.50 -0.041
1 2 0 0 0 0 0 25.46 -1.72E-03 25.46 -0.044
1400000 25.36 -1.81E-03 25.36 -0.046
1600000 25.36 -1.83E-03 25.36 -0.046

Z' (Ohm)
23.0 23.5 24.0 24.5 25.0 25.5 26.0 26.5 27.0

F ig u r e  F 4  N y q u is t p lo t o f  C M  0.1 %.
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T a b le  F 6  P ro to n  co n d u c tiv ity  raw  d a ta  o f  c a lcu la tio n s  C M  0.1 %
Frequency, Hz z, ohm r, Radian Z'=Zcos r Z"=Zsinr

2 0 0 0 0 0 24.90 -3.42E-04 24.90 -0.009
400000 24.89 -6.44E-04 24.90 -0.016
600000 24.89 -9.15E-04 24.89 -0.023
800000 24.88 -1.12E-03 24.88 -0.0278

1 0 0 0 0 0 0 24.86 -1.30E-03 24.86 -0.032
1 2 0 0 0 0 0 24.85 -1.36E-03 24.85 -0.034
1400000 24.84 -1.40E-03 24.84 -0.035
1600000 24.80 -1.36E-03 24.80 -0.034
1800000 24.77 -1.16E-03 24.77 -0.029
2 0 0 0 0 0 0 24.76 -1.01E-03 24.76 -0.025

Z’ (ohm)
24.70 24.75 24.80 24.85 24.90

F ig u r e  F 5  N y q u is t p lo t o f  C M  0.1 %.
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T a b le  F 7  P ro to n  co n d u c tiv ity  ra w  d a ta  o f  c a lc u la tio n s  C M  0.5 %
Frequency, Hz z, ohm r, Radian Z'=Zcosr Z"=Zsinr

60000 30.28 -3.94E-04 30.28 -0 . 0 1 2

80000 30.29 -4.94E-04 30.29 -0.015
1 0 0 0 0 0 30.27 -6.12E-04 30.27 -0.019
2 0 0 0 0 0 30.24 -1.12E-03 30.24 -0.034
400000 30.13 -1.83E-03 30.13 -0.055
600000 30.02 -2.37E-03 30.02 -0.071
800000 30.01 -2.80E-03 30.01 -0.084

1 0 0 0 0 0 0 29.94 -3.22E-03 29.94 -0.096
1 2 0 0 0 0 0 29.79 -3.40E-03 29.79 -0 . 1 0 1

1400000 29.74 -3.50E-03 29.74 -0.104
1600000 29.75 -3.49E-03 29.75 -0.104

Z’ (Ohm)
28.0 28.5 29.0 29.5 30.0 30.5 31.0

F ig u r e  F 6  N y q u is t  p lo t o f  C M  0.5 %.
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Table F8 Proton conductivity raw data of calculations CM 0.5 %
Frequency, Hz z, ohm r, Radian Z,:=:Zcos r Z"=Zsinr

2 0 0 0 0 0 28.45 -7.17E-04 28.45 -0 . 0 2 0

400000 28.46 -1.23E-03 28.46 -0.035
600000 28.47 -1.61E-03 28.47 -0.046
800000 28.49 -1.88E-03 28.49 -0.054

1 0 0 0 0 0 0 28.50 -2.11E-03 28.50 -0.060
1 2 0 0 0 0 0 28.58 -2.33E-03 28.58 -0.067
1400000 28.56 -2.41E-03 28.56 -0.069
1600000 28.58 -2.42E-03 28.58 -0.069
1800000 28.60 -2.30E-03 28.60 -0.066

Z' (ohm)
28.40 28.45 28.50 28.55 28.60 28.65

Figure F7 Nyquist plot of CM 0.5 %.
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Table F9 Proton conductivity raw data of calculations CM 1 %
Frequency, Hz z, ohm r, Radian Z'=Zcos r Z"=Zsinr

2 0 0 0 0 0 35.38 -4.26E-04 35.38 -0.015
400000 35.44 -7.73E-04 35.44 -0.027
600000 35.51 -1.11E-03 35.51 -0.039
800000 35.60 -1.38E-03 35.60 -0.049

1 0 0 0 0 0 0 35.75 -1.65E-03 35.75 -0.059
1 2 0 0 0 0 0 35.85 -1.86E-03 35.85 -0.067
1400000 36.03 -2.07E-03 36.03 -0.075
1600000 36.12 -2.31E-03 36.12 -0.084
1800000 36.41 -2.53E-03 36.41 -0.092

Z' (Ohm)
33.5 34.0 34.5 35.0 35.5 36.0 36.5 37.0 37.5 38.0 38.5 39.0 39.5 40.0

Figure F8 Nyquist plot of CM 1 %.
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Table F10 Proton conductivity raw data of calculations CM 1 %
Frequency, Hz z, ohm r, Radian Z'=Zcosr Z"=Zsin r

1 0 0 0 0 0 35.50 -2.14E-04 35.50 -0.008
2 0 0 0 0 0 35.52 -4.27E-04 35.52 -0.015
400000 35.53 -7.93E-04 35.53 -0.028
600000 35.55 -1.10E-03 35.55 -0.039
800000 35.69 -1.38E-03 35.69 -0.049

1 0 0 0 0 0 0 35.82 -1.65E-03 35.82 -0.059
1 2 0 0 0 0 0 35.93 -1.87E-03 35.93 -0.067
1400000 36.07 -2.09E-03 36.07 -0.075
1600000 36.16 -2.32E-03 36.16 -0.084
1800000 36.22 -2.53E-03 36.22 -0.092

Z' (ohm)
34.0 34.5 35.0 35.5 36.0 36.5 37.0 37.5 38.0 38.5 39.0 39.5 40.0

Figure F9 Nyquist plot of CM 1 %.
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Table F l l Proton conductivity raw data of calculations CM 2 %
Frequency, Hz z, ohm r, Radian Z'=Zcos r Z"=Zsinr

6000 54.93 -8.13E-05 54.93 -0.004
8000 54.90 -9.55E-05 54.90 -0.005

1 0 0 0 0 54.84 -1.93E-04 54.84 -0 . 0 1 1

2 0 0 0 0 54.68 -2.66E-04 54.68 -0.015
40000 54.62 -2.80E-04 54.62 -0.015
60000 54.53 -2.90E-04 54.53 -0.016
80000 54.50 -2.72E-04 54.50 -0.015

1 0 0 0 0 0
.

54.42 -2.52E-04 54.42 -0.014
2 0 0 0 0 0 54.24 -6.05E-05 54.24 -0.003

Z' (Ohm)
54.1 54.2 54.3 54.4 54.5 54.6 54.7 54.8 54.9 55.0

Figure F10 Nyquist plot of CM 2 %.
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Table F12 Proton conductivity raw data of calculations CM 2 %
Frequency, Hz z, ohm r, Radian Z'=Zcosr Z"=Zsinr

4000 51.77 -5.40E-05 51.77 -0.003
6000 51.77 -5.95E-05 51.77 -0.003
8000 51.77 -4.41E-05 51.77 -0 . 0 0 2

1 0 0 0 0 51.77 -5.92E-05 51.77 -'-0.003
2 0 0 0 0 51.73 -1.37E-04 51.73 -0.007
40000 51.68 -1.78E-04 51.68 -0.009
60000 51.62 -1.77E-04 51.62 -0.009
80000 51.58 -1.34E-04 51.58 -0.007

1 0 0 0 0 0 51.54 -6.30E-05 51.54 -0.003

Z' (ohm)
51.45 51.50 51.55 51.60 51.65 51.70 51.75 51.80 51.85 51.90

0.000

-.002

-.004

I  - 006 

^  -.008

- . 0 1 0

- . 0 1 2

-.014

Figure F l 1 Nyquist plot of CM 2 %.
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Appendix G Methanol permeability

The methanol permeability of SPPO membrane was determined by a liquid 
permeation cell where the concentration of methanol that permeated the cell at 60 °c 
was measured. The liquid permeation cell is composed of two components. The two 
components were separated by a membrane sample. Compartment A was fdled with 
methanol at 2.5 M 250 ml and a compartment B was fdled with DI water 250 ml. 
The two solutions were continuously stirred during the measurement. The methanol 
concentration was determined by using the gas chromatography. The methanol 
permeability coefficient was calculated from the following equation:

_  kBVBL (Gl)
A (CA - C B)

where p = the methanol permeability (cm2/s)
CA = the methanol concentrations in the compartment A 
CB = the methanol concentrations in the compartment B 
kB = the methanol concentration permeate per time of permeate (the 

slope of methanol concentration profile in the compartment B)
VB -  the solution volume of the permeate 
L = the thickness of the membrane 
A = the effective area of membrane

The methanol concentration profile was obtained by using a PR2100 gas 
chromatography fitted with a Thermal Conductivity Detector (TCD). The internal 
standard was 0.1 M of ethanol (Zhai et al., 2007).
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Table G1 Methanol permeability of SPPO and composite membranes at various
concentrations
Composite membranes

(%v/v)
Thickness, 

L  (cm)
Slope, kn 
(mol/L.s)

Methanol permeability,
p (cm2/s)

SPPO, DS = 31 1.51x10‘2 6.61X10'7 2.14X10'7
CM 0.1 % 1.50X10'2 3.78X10'7 1 .2 2 X1 0 -7

CM 0.5 % 1.55x1 O' 2 3.2ÔX10' 7 1.09x10"7
CM 1 % 1.72x1 O’ 2 2.82X10'7 1.04x1 O' 7

CM 2 % 1.80X10'2 2.61 X 10‘ 7 l.OlxlO ' 7

Nafion 117 
(Woo et ai, 200ร) 1.75X10' 2 - 2.38X10’6

Figure G1 The methanol permeability of composite membranes as a function of 
content of zeolite.
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Table G2 Raw data of internal standard curve of methanol concentration

Methanol
concentration

Peak area of 
methanol Peak area of ethanol Peak area ratio

No.l No.2 No.l No.2 No.l No.2
0.0001 M 0 . 0 1 0 . 0 1 1.74 1.14 0.006 0.009
0.001 M 0.03 0.03 1.77 1.98 0.017 0.015
0.01 M 0.15 0.13 1.62 1 . 6 6 0.093 0.078
0.1 M 1.64 1 . 6 8 1.78 1.87 0.921 0.898
1 M 17.37 15.45 1.75 1.83 9.926 8.443

1.5 M 26.78 21.29 1.75 1.74 15.30 12.24
2  M 32.64 28.67 1.61 1.74 20.27 16.48

2.5 M 41.14 36.87 1.67 1 . 8 8 24.63 19.61

0.0 .5 1.0 1.5 2.0 2.5 3.0

Concentration (Molar)

Figure G2 Internal standard curve of methanol concentration.
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Table G3 Raw data of methanol permeability calculation of SPPO, DS = 31 
membrane

Time Methanol concentration (M)
(second) Comp. A Comp. B

86400 2.488 0 . 0 1 2

90000 2.476 0.024
93600 2.473 0.027
97200 2.471 0.029
100800 2.469 0.031
104400 2.468 0.032
108000 2.464 0.036

Figure G3 Methanol concentration in compartment B vs. time (ร) of SPPO, DS = 31 
membrane.
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Table G4 Raw data of methanol permeability calculation of CM 0.1 %
Time Methanol concentration (M)

(second) Comp. A Comp. B
86400 2.493 0.007
90000 2.491 0.009
93600 2.490 0 . 0 1 0

97200 2.489 0 . 0 1 1

100800 2.487 0.013
104400 2.486 0.014
108000 2.485 0.015

Figure G4 Methanol concentration in compartment B vs. time (ร) of CM 0.1 %.
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Table G5 Raw data of methanol permeability calculation of CM 0.5 %
Time Methanol concentration (M)

(second) Comp. A Comp. B
86400 2.493 0.007
90000 2.492 0.008
93600 2.491 0.009
97200 2.490 0 . 0 1 1

100800 2.489 0 . 0 1 1

104400 2.488 0 . 0 1 2

108000 2.486 0.014

Figure G5 Methanol concentration in compartment B vs. time (ร) of CM 0.5 %.
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Table G6 Raw data of methanol permeability calculation of CM 1 %
Time Methanol concentration (M)

(second) Comp. A Comp. B
86400 2.493 0.007
90000 2.491 0.009
93600 2.490 0 . 0 1 0

97200 2.489 0 . 0 1 1

100800 2.487 0.013
104400 2.487 0.013
108000 2.487 0.013

Figure G6 Methanol concentration in compartment B vs. time (ร) of CM 1 %.
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Table G7 Raw data of methanol permeability calculation of CM 2 %
Time Methanol concentration (M)

(second) Comp. A Comp. B
86400 2.493 0.007
90000 2.492 0.008
93600 2.492 0.008
97200 2.490 0 . 0 1 0

100800 2.489 0 . 0 1 1

104400 2.489 0 . 0 1 1

108000 2.487 0.013

Figure G7 Methanol concentration in compartment B vs. time (ร) of CM 2 %.
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Appendix H Membrane selectivity

The membrane selectivity, which is defined as the ratio of proton 
conductivity to methanol permeability, is used to determine the potential 
performance of DMFC membranes. Membrane which has higher selectivity 
parameter is high performance for DMFC application. The membrane selectivity 
values of SPPO and the composite membranes were compared with those of Nation 
117 (Sadrabadi et al., 2009).

Table HI Membrane selectivity of SPPO and composite membranes at various
concentrations

Composite 
membranes (%v/v)

Proton
Conductivity, a  

(S/cm)
Methanol 

permeability, p
(cm2/s)

Membrane
selectivity'
(S.s/cm3)

SPPO, DS = 31 1 .0 0 x 1 O' 2 2.14X10"7 46729
CM 0.1 % 7.34X10' 3 1 ,2 2 x 1 0 ‘ 7 60164
CM 0.5 % 5.80X10’3 1,09x 10"7 53211
CM 1 % 5.59X10' 3 1.04x10'7 53750
CM 2 % 4.54x 10‘ 3 l.OlxlO ’ 7 44950

Nafion 117 
(Woo et al, 2003) l.OOxlO' 1 2.3 8 X1 O’ 6 42017
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Figure HI Membrane selectivity of composite membranes at various concentrations 
and Nafion 117.
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Appendix I Mechanical property

The tensile strength of SPPO and the composite membranes was determined 
by using a Universal Testing Machine (Lloyd, model SMT2-500N) for 
characterization of the mechanical property. The samples were cut into size 1cm X 
5cm and using the gauge length of 3 cm. The membranes were immersed in de­
ionized water for 24 h before testing and using the speed of 10 mm/min 
(Macksasitorn et al, 2012).

Table II Mechanical properties of composite membranes
Composite
membranes

(%v/v)

Tensile
strength
(MPa)

Young’s
modulus

(GPa)
Elongation at 

break (%)
Stiffness

(N/m)
SPPO, DS = 31 51.78 1.51 6.81 34228.38

CM 0.1 % 42.64 1.25 6 . 1 0 56532.61
CM 0.5 % 36.69 1.36 5.11 64034.34
CM 1 % 28.65 1 . 6 6 3.00 89435.38
CM 2 % 12.58 1.79 1.31 116706.51

Nation 117 
(Liu et al, 2007) 28.40 1 . 0 0 329.20 -



94

Table 12 Mechanical properties of SPPO, DS = 31 membranes

Polymer
Tensile

strength
(MPa)

Young’s 
modulus (MPa)

Elongation 
at break (%) Stiffness (N/m)

55.49 1321.17 6.45 31708.03
SPPO, DS = 31 42.86 1401.99 8.52 32713.09

57.01 1793.63 5.46 38264.01
Average 51.79±7.77 1505.59±206.32 6.81Ü.57 34228.38±3530.90

0  2 4 6 8 10

Percentage Strain

Figure II Stress-strain behavior of SPPO, DS = 31 membrane.
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Table 13 Mechanical properties of CM 0.1 %

Polymer
Tensile

strength
(MPa)

Young’s 
modulus (MPa)

Elongation 
at break (%) Stiffness (N/m)

43.33 1198.26 5.41 54321.23
CM 0.1 % 38.05 1105.72 6.48 54917.61

46.56 1448.62 6.42 60358.98
Average 42.64±4.29 1250.87il77.40 6.10i0.60 56532.61i3327.12

Percentage Strain

Figure 12 Stress-strain behavior of CM 0.1 % membrane.
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Table 14 Mechanical properties of CM 0.5 %

Polymer
Tensile
strength
(MPa)

Young’s 
modulus (MPa)

Elongation 
at break (%) Stiffness (N/m)

36.91 1281.67 5.42 60665.74
CM 0.5 % 36.99 1374.39 5.44 67803.25

36.17 1435.35 4.46 63634.05
Average 36.69±0.45 1363.81i77.39 5.1U0.57 64034.34±3585.55

Figure 13 Stress-strain behavior of CM 0.5 % membrane.
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Table 15 Mechanical properties of CM 1 %

Polymer
Tensile
strength
(MPa)

Young’s 
modulus (MPa)

Elongation 
at break (%) Stiffness (N/m)

2 2 . 6 8 1582.74 2.29 79136.90
CM 1 % 30.55 1656.76 3.38 93883.05

32.72 1753.73 3.34 95286.18
Average 28.65±5.28 1664.41±85.75 3.00±0.62 89435.38±8946.29

Figure 14 Stress-strain behavior of CM 1 % membrane.
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Table 16 Mechanical properties of CM 2 %

Polymer
Tensile
strength
(MPa)

Young’s 
modulus (MPa)

Elongation 
at break (%) Stiffness (N/m)

16.27 1374.41 1.33 98957.45
CM 2 % 12.47 1519.18 1.30 107861.64

8.99 2484.98 1.31 143300.42
Average 12.58±3.64 1792.86±603.75 1.3U0.01 116706.51i23457.37

Figure 15 Stress-strain behavior of CM 2 % membrane.
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