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A P P E N D IC E S

A p p e n d ix  A F o u r ier  T r a n sfo r m  In fra red  S p ec tro sco p y

The FT-IR spectra of pristine polymer as PEEK and PPEES and sulfonated 
polymer as S-PEEK and S-PPEES were obtained employing a spectrometer (Thermo 
Nicolet, Nexus 670) to examine the presence of sulfonic acid group (-SO3H) in 
polymer samples. The spectrometer was operated in the absorption mode with a 
resolution of 4 cm"1 and wave numbers range of 4000-400 cm'1. KBr was employed 
as the background material for thesample of sulfonated polymer , respectively

Wavenumbers (cm” * )

F ig u re  A l  FTIR spectrum of sulfonated poly(ether ether ketone). X



67

Wavenumbers (cm" ̂  )

F ig u re  A 2  FTIR spectrum of sulfonated poly(phenylene ether ether ketone).

T a b le  A1 The FT-IR absorption spectra of PEEK, S-PEEK, PPEES, and S-PPEES.

Wavenumbers
(cm'1) Assignments References

709 Symmetric S-0 stretching (Zaidi. 2Ô03)
1 0 2 0 Symmetric s= 0  stretching (Za'idi. 27)033
■ 1360 Asymmetric s= 0  stretching (Smitha et al.. 2003)
1080 Symmetric 0= s= 0  stretching (Xing et al. 2004)
1255 Asymmetric 0=s=0 stretching (Zaidi. 2003)
1 2 2 2 C-O-C (Macksasitorn et a l. 2 0 1 2 )
1489 C-C Aromatic (Xing et al. 2004)
1650 c = 0  stretching (Macksasitorn et al. 2012)
3460 O-H stretching (Xing et a l. 2004)
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A p p e n d ix  B T h e r n io g r a v im e tr ic  A n a ly sis

Thermogravimetric analysis (TGA) of pristine polymer and sulfonated 
polymer were conducted using a Thermo-Gravimetric/Differential Thennal Analyzer 
(TG/DTA). The measurements were carried out under nitrogen flow with a 
temperature range of 50-900 °c at a heating rate of 10 ๐c/min.

B1 P o ly (e th er  e th e r  k eto n e)

F ig u re  B 1 Thermogravimetric analysis and thermograms of PEEK and S-PEEK.



We
igh

t lo
ss 

(%
)

B2 P o ly (p h en y len e  e th er  c th e r su lfo n e )

Temperature ("C)

F i g u r e  B2 Thermogravimetric analysis and thermograms PPEES and S-PPEES.
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A p p e n d ix  c  S u lfo n a tio n  and F ilm  C a stin g

C l S u lfo n a tio n  p ro cess
1.1 Excess molar ratio

Excess molar ratio is the simple ratio as between mole of sulfuric acid 
and mole of repeating unit of polymer.

1.1.1 Poly(ether ether ketone)
Molar mass of repeating unit (Mr) =
Mass of weighed polymer =_
Mole of weighed polymer =
Concentration of sulfuric acid =
Volume of sulfuric acid =
Mole of sulfuric acid

So that, Excess molar ratio (Rmoiar) =

288 g/mol 
Ms g
Ms/288 mole 
18 M = 0.018 mole/cm3 
V cm3
0.018V mole
0.018V 5.184V

MS/288 Ms
1.1.2 Poly(phenylene ether ether sulfone)

Molar mass of repeatfng unit ( M r ) 

Mass of weighed polymer 
Mole of weighed polymer 
Concentration of sulfuric acid 
Volume of sulfuric acid 
Mole of sulfuric acid

So that. Excess molar ratio ( Rmoiar)

= 324 g/mol
Ms g

= Ms/324 mole
18 M = 0.018 mole/cm3 
V cm3
0.018V mole
0.018V 5.832V

MS/324 = Ms
1.2 Volume fraction

Volume fraction refers the 
whole solution under sulfonation reaction. 

Mass of weighed polymer 
Volume of weighed polymer 
Volume of sulfuric acid

So that. Volume fraction

composition of sulfuric acid volume to

= Ms g
= Ms / p = Vp cm3

V cm3

= ( r + y  X 100 %
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Table C l Polymer density from gas pycnometer

Polymer Company ;
Sa
(g)

Sb
(g)

Density
(g/cm3)

Deviation
(%)

PEEK power Victrex 2.8100 0.5614 0.5613 1.1512 1.89
PPEES pellet Aldrich 2.8099 1.4928 1.4925 1.3166 0.52

1.2.1 Poly(ether ether ketone)
For excess molar ratio = 200, Ms = 2.592 g, and V = 100 cm3 

Volume of weighed polymer
Volume of sulfuric acid 

So that. Volume fraction
1.2.2 Poly(phenylene ether ether sulfone)

For excess molar ratio = 100, Ms = 2.916 g, and V = 50 cm3

Volume of weighed polymer = — 2,916 g .1 =2.2148 cm31 .3166  g / c m 3

Volume of sulfuric acid = 50 cm3

So that, Volume fraction = (—7-^----- ) X  100 = 95.76 %
V50+2.2148/

2 .5 9 2  g
1 .1 5 1 2  g / c m 3

1 0 0  cm3 
/  100

= 2.2516 cm3 r

VlOO +  2.2516
)  X  100 =97.80%

Table C2 Relation between excess molar ratio and volume fraction for poly(ether 
ether ketone) sulfonation

Excess 
molar ratio Polymer (g) Sulfuric acid 

(cm3)
Volume fraction 

(%)
50 10.368 1 0 0 91.74

1 0 0 5.184 1 0 0 95.69
150 3.456 1 0 0 97.09
2 0 0 2.592 1 0 0 97.80
300 1.728 1 0 0 98.52
400 1.296 1 0 0 98.89
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Table C3 Relation between excess molar ratio and volume fraction for 
poly(phenylene ether ether sulfone) sulfonation

Excess 
molar ratio

Polymer
(g)

Sulfuric acid 
(cm3)

Volume fraction 
(%)

50 11.664 1 0 0 91.86
1 0 0 5.832 1 0 0 95.76
150 3.888 1 0 0 97.13
2 0 0 2.916 1 0 0 97.83
300 1.944 1 0 0 98.54
400 1.458 1 0 0 98.91



1.3 Sulfonation conditions

Table C4 Poly(ether ether ketone) sulfonation conditions

Temperatur

c e ,
PEEK

(g)
h 2s o 4
(ml)

H2s o 4
(mol ratio)

Volume
fraction

(%)
Time

(h)
Sulfonated
products

(g)
Sulfonated
products

Dried
products

1
Membranes

80 2.602 100 200 97.80 1 1.460 Swelling rubber Clear sheet Water soluble
80 2.614 100 200 97.80 3 2.788 Swelling rubber Clear sheet Water soluble
.80 2.611 100 200 97.80 5 2.106 Swelling rubber Clear sheet Water soluble
50 2.616 25 50 91.74 3 6.962 White rubber White rubber Homogeneous
50 2.611 50 100 95 69 3 2.801 White rubber White rubber Homogeneous
50 2.604 75 150 97.09 '■ฯ

3 1.425 White rubber White rubber Homogeneous
50 2.606 100 •200 97.80 O3 2.512 White rubber White rubber Homogeneous
50 2.593 100 200 97.80 1 1.322 White rubber White rubber Homogeneous
50 2.593 100 200 ' 97.80 5 2.608' White rubber White rubber Homogeneous
50 2.604 100 200 97.80 12 0.991 Swelling rubber White rubber Homogeneous
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Tabic C5 Poly(phenylene ether ether sulfone) sulfonation conditions

Temperature
(°C)

PPEES
(g)

H2SO4
(ml)

H2SO4 
(mol ratio)

Volume
fraction

(%)
Time

(h)
Sulfonated 

products (g)
Sulfonated
products

Dried
products

Membranes

80 2.932 50 1 0 0 95.76 1 1.324 Swelling rubber Clear sheet Water soluble
80 2.934 50 1 0 0 95.76 ทุ 2.427 Swelling rubber Clear sheet Water soluble
80 2.918 50 1 0 0 95.76 5 2.614 Swelling rubber Clear sheet Water soluble
50 2.937 50 1 0 0 95.76 1 1.104 Swelling rubber Clear sheet Homogeneous
50 2 924 50 1 0 0 95.76 3 1.181 Swelling rubber Clear sheet Homogeneous
50 2.942 50 1 0 0 95.76 5 2.543 Swelling rubber Clear sheet Homogeneous
25 2.919 25 50 91.86 24 3.127 White rubber Clear sheet Homogeneous
25 1.463 25 1 0 0 95.76 ทุว - Cannot be dissolved in sulfuric acid
25 1.461 25 1 0 0 95.76 6 1.324 White rubber Clear sheet Homogeneous
25 1.460 25 1 0 0 95.76 9 1.347 White rubber Clear sheet Homogeneous
25 1.465 25 1 0 0 95.76 12 1.437 White rubber Clear sheet Homogeneous
25 1.452 25 1 0 0 95.76 24 1.588 White rubber Clear sheet Homogeneous
25 1.951 50 150 97.13 24 1.711 White rubber Clear sheet Homogeneous
25 0.724 25 2 0 0 97.83 24 0.095 Swelling rubber Black solid Homogeneous
25 0.973 50 300 98.54 24 0.353 Swelling rubber Black solid Homogeneous
25 0.726 50 400 98.91 24 0.575 Swelling rubber Black solid Homogeneous

I

4—
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Figure Cl PEEK sulfonation at 80 ๐c  at different sulfonation times of: 1 h (left); 3 
h (middle); and 5 h (right).

Figure C2 PEEK sulfonation at 50 °c at different sulfonation times of: 1 h (left);
3 h (middle); and 5 h (right).

Figures Cl and C2 show that the S-PEEK membranes swell easily with 
increasing sulfonation time. The water uptake increases with increasing degree of 
sulfonation because of a greater hydrophilicity. From Figure Cl. the S-PEEK 
membranes were fully dissolved in water, S-PEEK membrane at sulfonation 
temperature of 80 ๐c  is not suitable for V-RFB application which has water 
containing vanadium electrolyte.
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Figure C3 PPEES sulfonation at 80 °c at different sulfonation times of: 1 h (left): 
3 h (middle); and 5 h (right).

Figure C4 PPEES sulfonation at 50 ๐c  at different sulfonation times of: 1 h (left);
3 h (middle); and 5 h (right).

Higher sulfonation time and temperature induce shape transformation as 
shown in Figures C3- and C4. In the worst case, the prepared membrane was fully 
dissolved in water, both sulfonation temperatures of 50 and 80 ๐c  are not suitable for 
VRFB application which has water containing vanadium electrolyte.
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C2 Degree of sulfonation

The polymer membranes were washed with deionization water and dried at 
100 ๐c  for 24 h. The degree of sulfonation of solution was determined by the 
titration with 0.01 M sodium hydroxide until pH neutral using phenolphthalein as an 
indicator. The degree of sulfonation (DS) is defined as the number of sulfonic acid 
groups divided by the number of repeating units in a polymer chain that was 
calculated by the following relation.

DS (%) = X 100 (Cl )Mole of polymer m embrane

Figure C5 Effect of sulfonation time on the degree of sulfonation of PEEK at 
sulfonation temperature of 50 °c and acid/polymer mol ratio of 200.
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Figure C6 Effect of acid/polymer mol ratio on the degree of sulfonation of S-PEEK 
at sulfonation temperature of 50 °c and sulfonation time of 3 h.

Table C6 Degree of sulfonation of S-PEEK at sulfonation temperature of 50 °c

h 2s o 4
(mol ratio)

Time
(h)

Degree of sulfonation (%)

DS1 DS2 DS3 Average
- 1 0 0 ' *>ว่ 38.38 36.07 42.62 39.02 ± 3.33

150 3 47.08 43.85 41.48 44.14 ± 2.81
2 0 0 1 49.97 45.21 48.98 48.05 ±2.51
2 0 0 2 49.01 54.043 54.69 52.58 ±3.11
2 0 0 ว 61.20 58.14 59.47 59.60 ± 1.53
2 0 0 4 71.86 70.38 72.89 71.71 ± 1.26
2 0 0 5 71.66 73.41 74.88 73.32 ± 1.62
2 0 0 7 72.68 77.34 82.28 77.43 ±4.80
2 0 0 9 90.51 93.68 82.95 89.04 ±5.51
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Figure C7 Effect of sulfonation time on the degree of sulfonation of S-PPEES at 
sulfonation temperature of 25 °c acid/polymer mol ratio of 100.
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T a b le  C l Degree of sulfonation of S-PPEES at controlled temperature of 25 °c

H2s o 4
(mol ratio)

Time 
(h) .

Degree of sulfonation (%)
DS1 DS2 DS3 Average

1 0 0 9 - - - A*
1 0 0 12 52.39 52.09 53.96 52.81 ± 1.00
1 0 0 18 58.86 62.99 65.73 62.53 ±3.46
1 0 0 24 71.04 65.12 70.03 68.73 ±3.17
1 0 0 30 68.47 70.29 76.31 71.69 ± 4.11
1 0 0 36 75.50 79.06 79.09 77.88±2.07
1 0 0 48 88.77 79.85 83.40 83.99 ±4.47
2 0 0 24 - - - B*
300 24 - - - B*
400 24 - - - B*

Remarks
A*: The PPEES could not be dissolve in sulfuric acid with sulfonation time that was 
less than 9 h.
B*: The swelling sulfonated products contained contaminated acid and they could 
not be washed out easily.
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Appendix D Proton Conductivity under Dry State

Proton conductivity of the membrane was determined by a Hewlett Packard 
4194A impedance gain/phase analyzer under dry state at 25 ๐c .  The 5 cm X 5 cm 
film was measured at 1 V potential using the alternating current in the frequency 
range of 100 Hz -  2 MHz. The graphs show the relationship between the real 
impedance (Zcos0) and the imaginary impedance (-ZsinO). The proton-conductivity
(a) was calculated using Eq. D1 :

a = i h  (s / cm> <D1>

where a is the proton conductivity (S/cm). d is the thickness of the membrane (cm). 
A is the surface area of membrane in contact with the electrodes (cm2), and R refers 
to the measured resistance of the membrane (Cl) which was derived from the Re (Z) 
axis intersect of the high frequency on a complex impedance plane.
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DI Proton conductivity under dry state compared in present work

.0020

I  .0015 

>
น .0010
๐0
1
8 - .0005

0.0000
30 40 50 60 70 80 90 Nafionl 17

Degree of sulfonation

• ■ •O' S-PEEK
■ • • <5>- • • S-PPEES

• Nafionl17

า-------------1-------------1------------ 1-------------1-------------1---- ------—T

Figure 1)1 Effect of degree of sulfonation on the proton conductivity under dry state 
of S-PEEK, S-PPEES, and Nafionl 17.

D2 Proton conductivity under dry state of Nafionll7

Table D1 Proton conductivity of Nafionl 17 under dry state at 25 °c

Sample DS Thickness 
(%) (cm)

Area
(cm2)

Resistance
(«)

Water 
uptake (%)

Proton
conductivity

(S.cnfi1)
Nafionl 17 0.0180 11.3411 5.00 6.70 3.174 X 10‘4
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D 3 P r o to n  c o n d u c t iv i ty  u n d e r  d ry  s ta te  o f  s u lfo n a te d  p o ly (e th e r  e th e r  k e to n e )

.0012

.0010
ร0

พ  .0008

1  .0006 
' r*o
g .0004 

.00D2 

0 .0 0 0 0
30 40 50 60 70 80

Degree of sulfonation (%)

Figure D2 Effect of degree of sulfonation on the proton conductivity under dry state 
of S-PEEK.

Table D2 Proton conductivity of sulfonated poly(ether ether ketone) under dry state 
at 25 °c

Sample DS
(%)

Thickness
(cm)

Area
(cm2)

Resistance
(O)

Water uptake 
(%)

Proton
conductivity

(S.cnT1)

o'to

1 o o _3 39.02 0.0154 11.3411 2 0 .0 0 2.27 6.789 X 10'5

50. 150 _3 44.14 0.0173 11.3411 19.32 9.69 7.896 X 10'5

นD o 2 0 0 _ 'ๆ 59.60 0.0131 11.3411 0.95 10.46 1.216 X 10'4
50__2 0 0 _.5 73.32 0.0174 11.3411 2.05 10.85 7.484 X lO’4
50 2 0 0 7 77.43 0.0181 11.3411 1.56 11.04 1.023 X 10‘3
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F i g u r e  D 3  Proton conductivity under dry state of sulfonated polyphenylene ether 
ether sulfone) under dry state at 25 °c.

T a b l e  D 3  Proton conductivity of sulfonated polyphenylene ether ether sulfone) 
under dry state at 25 ๐c

D 4 P ro to n  c o n d u c t iv i ty  u n d e r  dry ' s ta te  o f  s u lfo n a te d  p o ly (p h e n y le n e  e th e r
e th e r  s u lfo n e )

Sample DS
(%)

Thickness
(cm)

Area
(cm2)

Resistance
(ท)

Water
uptake

(%)

Proton
conductivity

(S.cnT1)

25_ 1 0 0 1 2 52.81 0.0132 11.3411 1.70 6.63 6.847 X 10'4

25_ 10018 62.53 0.0223 11.3411 2.75 7.54 7.150 X 10’4

25_ 100_24 68.73 0.0192 11.3411 1.62 8.30 1.045 X 10’3

25 100 30 71.69 0.0151 11.3411 1 .1 0 9.64 1.210 X 10'3

25_ 100 36 77,88 0.0194 11.3411 1 .21 9.71 1.414 X 10’3

25 100 48 83.99 0.0192 11.3411 0.89 9.99 1.902 X 10'3
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Figure D4 Proton conductivity of S-PEEK (DS=39.02%).
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Figure D6  Proton conductivity of S-PEEK (DS=44.14%).

F ig u r e  ] )7  X -in te rc e p t a t th e  h ig h  fre q u e n c y  o f  S -P E E K  (D S = 4 4 .1 4 % ).
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Figure D8  Proton conductivity of S-PEEK (DS=59.60%).
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Figure DIO Proton conductivity of S-PEEK (DS=73.32%).
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Figure D12 Proton conductivity of S-PEEK (DS=77.43%).

F ig u r e  D 1 3  X -in te rc e p t at th e  h ig h  freq u en cy  o f  S -P E E K  (D S = 7 7 .4 3 % ).
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D 6 C o m p le x  im p e d a n c e  p la n e  o f  s u lfo n a te d  p o !y (p h e n y le n e  e th e r  e th e r  su lfo n e )

Figure D14 Nyquist plot of S-PPEES (DS=52.81%).
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F ig u r e  D 1 5  X -in te rc e p t at the  h ig h  freq u en cy  o f  S -P P E E S  (D S = 5 2 .8 1 % ).
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Figure D16 Proton conductivity of S-PPEES (DS=62.53%).
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F ig u r e  D 1 7  X -in te rc e p t a t the  h ig h  freq u en cy  o f  S -P P E E S  (D S = 6 2 .5 3 % ).



250

200 -

a  150 '

L  /

0 -)-------------- 1-------------- I-------------- 1-------------- 1--------------
0 100 200 300 400 500

ZcosG (Q)

Figure D18 Nyquist plot of S-PPEES (DS=68.73%).
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Figure D20 Nyquist plot of S-PPEES (DS=71.69%).
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Figure D22 Nyquist plot of S-PPEES (DS=77.88%).
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F ig u r e  D 2 3  X -in te rc e p t at th e  h igh  fre q u e n c y  o f  S -P P E E S  (D S = 7 7 .8 8 % ).
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Figure D24 Nyquist plot of S-PPEES (DS=83.99%).
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F i g u r e  D 2 6  P r o to n  c o n d u c t i v i t y  o f N a f i o n l l 7 .

F ig u re  D 2 7  X -in te rc e p t a t th e  h ig h  freq u en cy  o f  N a f io n l  17.
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Appendix E Proton Conductivity under Wet State

Proton conductivity of the membrane was determined by an impedance 
phase analyser HP 4194 under wet state at 25 ๐c. The 5 cm X 5 cm film after 
immersed in deionized water at room temperature for 24 h was measured at 1 V 
potential using the alternating current in the frequency range of 100 Hz -  2 MHz. 
Tire graphs show the relationship between the real impedance (ZcosO) and the 
imaginary impedance (-ZsinO). The proton conductivity (๙) was calculated using Eq. 
(El):

a  = - é l  (s/cm ) (El)

where a is the proton conductivity (S/cm), d is the thickness of the membrane (cm), 
A is the surface area of membrane in contact with the electrodes (cm2), and R refers 
to the measured resistance of the'membrane (fl) which was derived from the Re (Z) 
axis intersect of the high frequency on a complex impedance plane.



E l  P ro to n  c o n d u c t iv i ty  u n d e r  w e t s ta te  c o m p a re d  w ith  p re v io u s  w o r k

Figure El Comparison of proton conductivity under wet state at 25 °c.
[1] Macksasitorn (2012) sulfonated PEEK and PPEES at 25 ๐c



99

T a b le  E l  C o m p a riso n  o f  p ro to n  co n d u c tiv ity

Polymer Degree 
of sulfonation 

(%)

Proton
conductivity

(S.cm'1)

water uptake 
(%)

Reference

S-PEEK 46.21 2.72 X 10'2 15.54 [1]
S-PEEK 57.99 5.17 X 10'2 30.57 [1]
S-PEEK 69.07 6.31 X 10'2 27.16 [1]
S-PEEK 76.49 Xr- 67.65 [1]
S-PEEK 86.49 1.51 X 10' 1 83.02 [1]
S-PEEK 39.02 7.1452 X 10'4 30.38
S-PEEK 44.14 1.2857 X 10’3 31.16
S-PEEK 59.60 1.8300 X 10'3 39.24
S-PEEK 73.32 3.7179 X 10'3 48.97
S-PEEK 77.43 4.8971 X 10'3 53.61

S-PPEES 83.57 1.24 X 10’1 121.93 [1]
S-PPEES 52.81 3.556 X 10'3 73.02
S-PPEES 62.53 8.277 X 10‘3 79.72
S-PPEES 68.73 1.026 X 10'2 87.24
S-PPEES 71.69 2.176 X 10‘2 92.04
S-PPEES 77.88 2.229 X 10'2 98.40
S-PPEES 83.99 2.547 X 10'2 107.89

[1] Macksasitorn (2012) sulfonated PEEK and PPEES at 25 °c
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E 2  P r o to n  c o n d u c t iv i ty  u n d e r  w e t s ta te  c o m p a r e d  in  p r e s e n t  w o r k
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Figure E2 Effect of degree of sulfonation on the proton conductivity under wet state 
of S-PEEK, S-PPEES, and Nafionl 17.

Table E2 Proton conductivity of Nafionl 17 under wet state at 25 °c

. . . O*. S-PEEKS-PPEES• Nafionl17

า-------- ----1----------‘"ๆ ------------ 1----- -------1------------ 1------------ T

Sample DS
(%)

Thickness
(cm)

Area
(cm2)

Resistance
(-Q)

Water uptake 
(%)

Proton
conductivity

(S.cnf1)
Nafionl 17 - 0.0193 11.3411 0.59 16.30 2.8942 X 10'3
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E 3  P r o to n  c o n d u c t iv i ty  o f  s u lfo n a te d  p o ly (e th e r  e th e r  k e to n e )  u n d e r  w e t s ta te
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๐

CL
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0.000
30 40 50 60 70
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80

Figure E3 Effect of degree of sulfonation on the proton conductivity under wet state 
of S-PEEK.

Table E3Proton conductivity of sulfonated poly(ether ether ketone) under wet state 
at 25 ° c

Sample DS Thickness Area Resistance Water uptake Proton
(%) (cm) (cm2) (D) (%) conductivity

(ร/cm)

fvt o o'o _3 39 .02 0 .0191 11.3411 2 .357 30 .38 7 .1452  X 10 '4

o'(ท
ิ 150 _3 4 4 .14 0 .0 1 8 3 11.3411 1.255 31 .16 1.2857 X 10 '3

o' _200_ 5 9 .60 0 .0 2 5 3 11.3411 1.219 39 .24 1 .8300 X 10 '3

นไ o _200__5 7 3 .32 0 .0 2 4 6 11.3411 0 .585 4 8 .9 7 3 .7 1 7 9  X 10‘3
50 2 0 0 7 77.43 0 .0 2 6 6 11.3411 0 .480 53.61 4 .8971 X 10 '3
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E 4  P r o to n  c o n d u c t iv i ty  o f  s u lfo n a te d  s u lfo n a te d  p o ly (p h e n y le n e  e th e r  e th e r
s u lfo n e )  u n d e r  w e t s ta te
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Figure E4 Effect of degree of sulfonation on the proton conductivity under wet state 
of S-PPEES.

Table E4 Proton conductivity of sulfonated polyiphenylene ether ether sulfone) 
under wet state at 25 °c

Sample DS Thickness Area Resistance Water Proton
(%) (cm) (cm2) CD) uptake (%) conductivity

(S.cnf1)
25_ 1 0 0 12 52.81 0.0213 11.3411 5.28 73.02 3.556 X 10'3
25_ 1 0 0 _18 62.53 0.0268 11.3411 2 .8 6 79.72 8.277 X 10'3
25_ 1 0 0 _24 68.73 0.0235 11.3411 2 .0 2 87.24 1.026 X 10'2
25_ 1 0 0 30 71.69 0.0227 11.3411 0.92 92.04 2.176 X 10~2
25_ o o 36 77.88 0.0154 11.3411 0.61 98.40 2.229 X 10'2
25~ o o ~48 83.99 0.0255 11.3411 0.89 107.89 2.547 X 10'2
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Figure E5 Nyquist plot of S-PEEK (DS=39.02%).
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Figure E7 Nyquist plot of S-PEEK (DS=44.14%).
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Figure E9 Nyquist plot of S-PEEK (DS=59.60%).

F ig u r e  E 1 0  N y q u is t  p lo t o f  S -P E E K  (D S=:5 9 .6 0 % ).
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11 Nyquist plot of S-PEEK (DS=73.32%).
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Figure E13 Nyquist plot of S-PEEK (DS=77.43%).

F ig u r e  E 1 4  N y q u is t p lo t o f  S -P E E K  (D S = 7 7 .4 3 % ).
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Figure E15 Nyquist plot of S-PPEES (DS=52.81%).
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Figure E17 Nyquist plot of S-PPEES (DS=62.53%).
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Figure E19 Nyquist plot of S-PPEES (DS=68.73%).
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Figure E22 Nyquist plot of S-PPEES (DS=71.69%).



Figure E 2 3  N y q u is t  p lo t  o f  S -P P E E S  ( D S = 7 7 .8 8 % ) .
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Figure E24 Nyquist plot of S-PPEES (DS=77.88%).



Figure E25 N y q u is t  p lo t  o f  S -P P E E S  ( D S = 8 3 .9 9 % ) .
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Figure E26 N y q u is t  p lo t  o f  S -P P E E S  (D S = 8 3 .9 9 % ) .  
E6 Complex impedance plane of Nafion 117

Figure E27 N y q u is t  p lo t  o f  N a f io n  117.
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Appendix F Vanadium Permeability
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Figure FI C o m p a r i s o n  o f  v a n a d iu m  p e r m e a b i l i ty  a t  2 5  ° c  w i th  p r e v io u s  w o rk . 

R e m a rk :
[1 ] M a c k s a s i to m  ( 2 0 1 2 )  s u l fo n a te d  P E E K  a n d  P P E E S  a t 2 5  ° c .
[2] Watpathomsub (2014) sulfonated PEEK at 50 °c  and PPEES at 25 °c.
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Table FI Comparison of vanadium permeability at 25 ๐c

P o ly m e r D e g re e  o f  
s u l f o n a t io n  

(% )

V a n a d iu m  p e r m e a b i l i ty  
(cn v V m in )

R e f e re n c e

S -P E E K 4 6 .2 1 0 [ 1 ]
- S - P E E K 5 7 .9 9 2 .4 2  X 1 0 ‘ 8 [ 1 ]

S -P E E K 6 9 .0 7 1 .2 6  X 1 0 ' 6 [ 1 ]
S -P E E K 7 6 .4 9 1.41 X 1 0 ' 6 [ 1 ]
S -P E E K 8 6 .4 9 2 .2 8  X 1 0 ' 6 [ 1 ]

S -P E E K 3 9 .0 2 9 .3 9 1  X 1 0 ' 6 [2 ]
S -P E E K 4 4  14 1 .0 0 9  X 10 5 [ 2 ]
S -P E E K 5 9 .6 0 ^4 o X o [2 ]
S -P E E K 7 3 .3 2 2 .7 7 9  X 1 0 ' 5 [2 ]
S -P E E K 7 7 .4 3 5 .7 6 7  X 1 0 ' 5 [2 ]

S -P P E E S 8 3 .5 7 2 .5 0  X 1 0 ' 6 [ 1 ]

S -P P E E S 5 2 .8 1 3 .1 6 0  X 10 ' 6 [2 ]
S -P P E E S 6 2 .5 3 3 .3 9 3  X 1 0 ' 6 [2 ]
S -P P E E S '  6 8 .7 3 oX'/~)C

O [2 ]
S -P P E E S 7 1 .6 9 4 .4 7 1  X  1 0 ' 6 [2 ]
S -P P E E S 7 7 .8 8 4 .7 9 7  X 1 0 ' 6 [2 ]
S -P P E E S 8 3 .9 9 6 .7 3 9  X 1 0 ' 6 [2 ]

N a t io n  1 1 7 - 3 .0 8  X 10'* [ 1 ]
N a t io n  1 1 7 - 6 .7 6  X 10 ‘6 [2 ]
N a t io n  117 - 3 .6 9  X 1 0 ' 6 [3]
N a t io n  11 7 - 2 .9 4  X 1 0 ' 6 [4]

R e m a rk :
[1] M a c k s a s i to m  et al. ( 2 0 1 2 )  s u l fo n a te d  P E E K  a n d  P P E E S  a t 2 5  ๐c .
[2 ] W a tp a th o m s u b  et al. ( 2 0 1 4 )  s u l fo n a te d  P E E K  a t 5 0  ๐c  a n d  P P E E S  a t

2 5  ° c .
[3 ] T e n g  et al. ( 2 0 0 9 )  in v e s t ig a te d  N a t io n  c o m p o s i t e  m e m b r a n e  fo r  V R F B .
[4 ] C h e n  et al. ( 2 0 1 0 )  in v e s t ig a te d  S P F E K  c o m p o s i t e  m e m b r a n e  fo r  V R F B .
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Fl Calibration Curve

W av elen g th  (nm )

Figure F2 W a v e le n g th  p r o f i l e  o f  0.1 M  V O 2 S O 4 in 0 .2  M  H 2 S O 4 .

Table F2 A b s o r b a n c e s  a t  7 6 0  n m  a t d i f f e r e n t  v a n a d iu m  c o n c e n t r a t io n s

V 0 2+ c o n c e n t r a t io n  ( x 0 1  (1 0 5  0 3 0  0 , 0  0 3 0
( m o l /L ) 0 . 0 1 0 .0 5 0 . 1 0 0 . 2 0 0 .3 0

1 0 .2 5 1 8 1 .1 3 5 5 1 .8 9 6 2 3 .0 3 4 4 3 .7 5 6 3
2 0 .2 3 7 6 1 .0 5 2 5 1 .7 0 7 8 2 .9 4 0 0 3 .6 8 2 5

0 .2 3 6 8 1 .0 0 3 1 1 .6 9 2 6 2 .9 7 3 7 3 .8 0 6 3
<Do 4 0 .2 5 9 4 1 .1 6 5 7 1 .9 3 7 4 3 .0 5 2 2 3 .8 2 9 1
ร 5 0 .2 5 2 1 1 .1 3 5 0 1 .8 3 5 5 2 .8 4 9 4 3 .8 2 3 3
๐CO 6 0 .2 5 2 0 1 .0 5 2 9 1 .9 0 4 1 2 .7 0 4 4 3 .6 3 4 5-O< 7 0 .2 5 2 0 1 .0 0 4 0 1 .9 3 7 3 2 .8 8 2 0 3 .6 9 9 3

8 0 .2 3 7 6 1 .1 3 3 5 1 .8 3 9 2 2 .7 0 0 7 3 .8 3 3 0
9 0 .2 3 7 0 1 .0 5 2 8 1 .9 0 5 4 -2 .7 2 4 8 3 .8 2 2 5

1 0 0 .2 5 2 5 1 .0 0 4 8 1 .8 9 9 0 3 .0 6 9 8 3 .9 2 6 8
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T h e  v a n a d iu m  p e r m e a b i l i t y  w a s  m e a s u r e d  b y  th e  m e th o d  a c c o rd in g  to  th e  
l i te r a tu r e  ( M a c k s a s i to r n  et al., 2 0 1 2 ) . T h e  le f t  r e s e rv o ir  w a s  f i l le d  w i th  5 0  m L  o f  1M  
V O S O 4 in  2 M  H 2 S O 4 s o lu t io n ,  w h ile  th e  r ig h t  r e s e rv o ir  w a s  f i l le d  w i th  5 0  m L  o f  1M  
M g S C >4 in  2 M  H 2 S O 4 s o lu t io n . M g S C f  w a s  u se d  to  e q u a l iz e  th e  o s m o t ic  p re s s u re . 
T h e  tw o  r e s e rv o ir s  w e re  s e p a r a te d  b y  th e  m e m b ra n e  w h ic h  its  a re a  e q u a l  5 c m 2.

V O “+ concentration (mol/L)

Figure F3 C a l ib r a t io n  c u rv e .

B o th  s o lu t io n s  w e r e  c o n t in u o u s ly  m a g n e t ic  s t i r r e d  a t  ro o m  te m p e ra tu re .  T h e
0 .4  m L  o f  s o lu t io n  f ro m  th e  r ig h t  r e s e r v o i r  w a s  ta k e n  a t  a  r e g u la r  t im e  in te rv a l a n d  
1 M  M g S C >4 in  2 M  I I 2 S O 4 w a s  a d d e d  in  r ig h t  r e s e r v o i r  to  h o ld  c o n s ta n t  v o lu m e . 
T h e n ,  v a n a d iu m  c o n c e n t r a t io n s  w e re  a n a ly z e d  b y  a  U V -V 1 S  s p e c t ro m e te r  
( N a n o q u a n t ,  I n f in i t e  M 2 0 0 ) .
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V =  A-L(C■1, -  c „ ( 0 )  ( F I )

w h e r e  Vr is th e  v o lu m e  o f  th e  r ig h t- h a n d  r e s e rv o i r  ( c m 3), Cl is th e  v a n a d iu m  io n  
c o n c e n t r a t io n  in  th e  le f t - h a n d  r e s e rv o ir  (M ) , C r ( î)  is th e  v a n a d iu m  io n  c o n c e n t r a t io n  
in  th e  r ig h t - h a n d  r e s e rv o i r  a s  a  f u n c t io n  o f  t im e  ( M ) , p  is th e  p e r m e a b i l i ty  o f  
v a n a d iu m  io n s  ( c m 2 /m in )  , A is  th e  a r e a  o f  th e  m e m b ra n e  ( c m 2). I ' i s  th e  m e m b ra n e  
th ic k n e s s  (c m ).

The vanadium permeability was calculated with the following Eq. FI :

1.4e-5

1.2e-5 

"o 1.0e-5

É  8.0e-6

1  s.0 e- 6

ๆkj 4.0e-6 
>

2.0e-6

0 . 0
30 40 50 60 70 80 90 Nation 117

D egree o f  su lfo na tion  (% )

F ig u r e  F4 V a n a d iu m  p e r m e a b i l i t y  o f  S -P E E K , S -P P E E S  a n d  N a f io n l  17 a t  2 5  °c.
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1 .2 e-5

I  1 .0 e-5
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ร 6 .0 e- 61<D
ร 4.0e-6

-5ฐ
J  2 .0 e- 6  

0 . 0
30 40 50 60 70 80

D egree  o f  su lfo n a tio n  (% )

F i g u r e  F 5  V a n a d iu m  p e r m e a b i l i t y  o f  S -P E E K  a t  2 5  ° c .

T a b l e  F 3  V a n a d iu m  p e r m e a b i l i t y  o f  S -P E E K  a t  2 5  ๐c

S a m p le
D e g r e e  o f  

s u l f o n a t io n  
(% )

T h ic k n e s s
(c m )

S lo p e
(m o l/L .m in )

V a n a d iu m
p e n n e a b i l i ty

(c m 2/m in )
5 0 1 0 0 3 3 9 .0 2 0 .0 1 6 1 9 .3 9 1  X 1 0 ' 6 1 .5 1 2  X 10 -(1
5 ( f  1 5 0 ~ 3 4 4 .1 4 0 .0 1 8 9 1 .0 0 9  X 1 0 ' 5 1 .9 0 8  X 1er6
5 0 ~ 2 0 0 ~ 3 5 9 .6 0 0 .0 1 8 5 1 7 3 0  X 10 ' 5 3 .1 9 9  X 10 "6
5 0 ~ 2 0 0 ~ 5 7 3 .3 2 0 .0 2 1 9 2 .7 7 9  X 10 ' 5 6 .0 8 8  X 10 ' 6
5 0 ~ 2 0 0 ~ 7 7 7 .4 3 0 .0 1 8 0 5 .7 6 7  X 10 ' 5 1 .0 3 8  X 10 ' 5
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1.4e-5

^  1.2e-5 

๐
1.0e-5

15Ç3
P
c  8.0e-6

+Cl๐
>  6.0e-6

4.0e-6
50 55 60 65 70 75 80 85 90

Degree of sulfonation (%)

Figure F6 V a n a d iu m  p e r m e a b i l i t y  o f  S -P P E E S  a t 2 5  ๐c .

Table F4 V a n a d iu m  p e r m e a b i l i t y  o f  S -P P E E S  a t  2 5  ° c

S a m p le
D e g r e e  o f  

s u l f o n a t io n  
(% )

T h ic k n e s s
(c m )

S lo p e
( m o l/L .m in )

V a n a d iu m
p e r m e a b i l i ty

( c m 2 /m in )
2 5  1 0 0  12 5 2 .8 1 0 .0 1 8 1 3 .1 6 0  X 1 0 ' 3 5 .7 2 0  X ÎO ' 6
2 5  1 0 0  18 6 2 .5 3 0 .0 1 9 4 3 .3 9 3  X 1Q-5 6 .5 8 2  X 10 ' 6

2 5  1 0 0  24 6 8 .7 3 0 .0 1 7 1 4 .4 8 5  X ÎO ' 5 7 .6 7 0  X 10 ' 6

2 5  1 0 0  3 0 7 1 .6 9 0 .0 1 9 1 4 .4 7 1  X ITT5 8 .3 6 1  X 1 0 ' 6

2 5  1 0 0  3 6 7 7 .8 8 0 .0 1 8 6 4 .7 9 7  X 1 0 ‘5 8 .9 2 2  X 1 0 ' 6

2 5 ~ 1 0 0 ~ 4 8 8 3 .9 9 0 .0 1 9 0 6 .7 3 9  X 1 0 ' 5 1 .2 8 0  X 10 ' 5

Table F5 V a n a d iu m  p e r m e a b i l i t y  o f  N a t io n  a t  2 5  ° c

S a m p le T h ic k n e s s S lo p e V a n a d iu m  p e r m e a b i l i ty
(c m ) ( m o l /L .m in ) (c m V m in )

N a t io n 0 .0 1 8 0 3 .4 1 2  X 10 ' 3 6 .7 5 7  X !0 -b
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F2 Vanadium permeability raw data of S-PEEK

P erm ea tio n  tim e (m in)

F i g u r e  F 7  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร -  
P E E K  ( D S = 3 9 .0 2 % ) .

T a b l e  F 6  V a n a d iu m  p e r m e a b i l i ty  d a ta  o f  S -P E E K  ( D S = 3 9 .0 2 % )

P e rm e a t io n  t im e  
h  m in A ,

A b s o r b a n c e
A t a 3 c ,

C o n c e n tr a t io n
c 2 c 3 '

3 1 8 0 0 .0 5 7 3 0 .0 5 7 0 0 .0 5 7 2 0 .0 0 4 2 0 .0 0 4 2 0 .0 0 4 2
6 3 6 0 0 .0 7 2 9 0 .0 7 3 2 0 .0 7 3 1 0 .0 0 5 3 0 .0 0 5 3 0 .0 0 5 3
9 5 4 0 0 .0 8 7 8 0 .0 8 8 1 0 .0 8 7 8 0 .0 0 6 4 0 .0 0 6 4 0 .0 0 6 4

1 2 7 2 0 0 .1 9 5 1 0 .1 9 5 2 0 .1 9 5 4 0 .0 1 4 2 0 .0 1 4 2 0 .0 1 4 3
18 1 0 8 0 0 .1 4 0 3 0 .1 4 0 5 0 .1 4 0 7 0 . 0 1 0 2 0 . 0 1 0 2 0 .0 1 0 3
24 1 4 4 0 0 .1 6 1 6 0 .1 6 1 9 0 .1 6 1 9 0 .0 1 1 8 0 .0 1 1 8 0 .0 1 1 8
3 0 1 8 0 0 0 .2 2 2 7 0 .2 2 3 0 0 .2 2 2 8 0 .0 1 6 2 0 .0 1 6 3 0 .0 1 6 3
3 9 2 3 4 0 , 0 .5 6 4 0 0 .5 6 3 6 0 .5 6 3 0 0 .0 4 1 1 0 .0 4 1 1 0 .0 4 1 1
4 8 2 8 8 0 0 .3 7 8 6 0 .3 7 8 6 0 .3 7 8 7 0 .0 2 7 6 0 .0 2 7 6 0 .0 2 7 6
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F ig u r e  F 8  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  
S -P E E K  (D S = 4 4 .1 4 % ) .

T a b l e  F 7  V a n a d iu m  p e r m e a b i l i ty  d a ta  o f  S -P E E K  ( D S = 4 4 .1 4 % )

P e rm e a t io n  t im e  
h  m in A ,

A b s o r b a n c e
A 2 A 3 c ,

C o n c e n tr a t io n
c 2 c 3

3 18 0 0 .1 0 1 6 0 . 1 0 1 1 0 .1 0 0 8 0 .0 0 7 4 0 .0 0 7 4 0 .0 0 7 4
9 5 4 0 0 .1 1 4 8 0 .1 1 4 4 0 .1 1 3 6 0 .0 0 8 4 0 .0 0 8 3 0 .0 0 8 3

12.5 7 5 0 0 .1 3 2 0 0 .1 3 1 2 0 .1 3 0 4 0 .0 0 9 6 0 .0 0 9 6 0 .0 0 9 5
15 9 0 0 0 .1 4 7 0 0 .1 4 5 6 0 .145 1 0 .0 1 0 7 0 .0 1 0 6 0 .0 1 0 6
25 1 5 0 0 0 .2 0 5 2 0 .2 0 4 4 0 .2 0 3 2 0 .0 1 5 0 0 .0 1 4 9 0 .0 1 4 8
48 2 8 8 0 0 .3 8 6 1 0 .3 7 7 7 0 .3 7 3 1 0 .0 2 8 2 0 .0 2 7 6 0 .0 2 7 2
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1000  2000 

P e n n e a tio n  tim e (m in)
3000

F ig u r e  F 9  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร - 
P E E K  ( D S = 5 9 .6 0 % ) .

T a b l e  F 8  V a n a d iu m  p e r m e a b i l i ty  d a ta  o f  S -P E E K  ( D S = 5 9 .6 0 % ) '

P e r m e a t io n  t im e A b s o r b a n c e C o n c e n tr a t io n
h m in A , a 2 a 3 Cl c 2 c 3
.ร 180 0 .1 1 0 9 0 . 1 1 1 0 0 . 1 1 1 0 0 .0 0 8 1 0 .0 0 8 1 0 .0 0 8 1
6 3 6 0 0 . 1 2 2 0 0 .1 2 2 4 0 .1 2 2 3 0 .0 0 8 9 0 .0 0 8 9 0 .0 0 8 9
9 5 4 0 0 .1 3 1 8 0 .1 3 2 4 0 .1 3 2 5 0 .0 0 9 6 0 .0 0 9 7 0 .0 0 9 7

1 2 7 2 0 0 .1 1 0 9 0 . 1 1 1 2 0 .1 1 1 5 0 .0 0 8 1 0 .0 0 8 1 0 .0 0 8 1
18 1 0 8 0 0 .3 1 2 3 0 .3 1 2 5 0 .3 1 2 4 0 .0 2 2 8 0 .0 2 2 8 0 .0 2 2 8
2 4 1 4 4 0 0 .3 6 7 7 0 .3 6 7 8 0 .3 6 7 7 0 .0 2 6 8 0 .0 2 6 8 0 .0 2 6 8
3 0 1 8 0 0 0 .4 5 4 7 0 .4 5 4 6 0 .4 5 4 5 0 .0 3 3 2 0 .0 3 3 2 0 .0 3 3 2
3 9 2 3 4 0 0 .3 4 5 1 0 .3 4 5 5 0 .3 4 5 6 0 .0 2 5 2 0 .0 2 5 2 0 .0 2 5 2
48 2 8 8 0 0 .6 3 6 4 0 .6 3 6 5 0 .6 3 6 3 0 .0 4 6 4 0 .0 4 6 4 0 .0 4 6 4
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F ig u r e  F 1 0  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร -
P E E K  ( D S = 7 3 .3 2 % ) .

T a b l e  F 9  V a n a d iu m  p e r m e a b i l i ty  d a ta  o f  S -P E E K  ( D S = 7 3 .3 2 % )

P e r m e a t io n  t im e  A b s o r b a n c e  ,  C o n c e n tr a t io n
h m in A , A 2 A 3 c , c 2 c 3
ร3 18 0 0 .0 8 4 7 0 .0 8 5 0 0 .0 8 5 0 0 .0 0 6 2 0 .0 0 6 2 0 .0 0 6 2
13 7 8 0 0 .2 9 2 9 0 .2 9 2 5 0 .2 9 3 5 0 .0 2 1 4 0 .0 2 1 3 0 .0 2 1 4
18 1 0 8 0 0 .3 4 3 0 0 .3 4 3 5 0 .3 4 3 9 0 .0 2 5 0 0 .0 2 5 1 0 .0 2 5 1
2 4 14 4 0 0 .6 7 1 4 0 .6 7 1 2 0 .6 7 1 0 0 .0 4 9 0 0 .0 4 9 0 0 .0 4 8 9
30 1 8 0 0 0 .7 0 8 2 0 .7 0 7 3 0 .7 0 7 8 0 .0 5 1 7 0 .0 5 1 6 0 .0 5 1 6
39 2 3 4 0 0 .8 8 3 2 0 .8 8 3 3 0 .8 8 3 4 0 .0 6 4 4 0 .0 6 4 4 0 .0 6 4 4
4 9 2 9 4 0 1 .0 7 8 7 1 .0 7 8 5 1 .0 7 8 7 0 .0 7 8 7 0 .0 7 8 7 0 .0 7 8 7
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F i g u r e  F l l  V a n a d iu m  ( I V )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร - 
P E E K  ( D S = 7 7 .4 3 % ) .

T a b l e  F 1 0  V a n a d iu m  p e r m e a b i l i ty  d a ta  o f  S -P E E K  ( D S = 7 7 .4 3 % )

P e n n e a t io n  t im e  
h  m in A ,

A b s o r b a n c e
A t a 3 C l

C o n c e n tr a t io n
c 2 C j

.5 18 0 0 .1 4 9 2 0 .1 4 6 4 0 .1 4 6 6 0 .0 1 0 9 0 .0 1 0 7 0 .0 1 0 7
- 6  - 3 6 0 0 .3 9 5 5 0 .4 0 1 5 0 .4 0 2 3 0 .0 2 8 9 0 .0 2 9 3 0 .0 2 9 3

9 5 4 0 0 .4 6 5 7 0 .4 6 5 7 0 .4 6 5 9 0 .0 3 4 0 0 .0 3 4 0 0  0 3 4 0
1 2 7 2 0 0 .6 5 2 1 0 .6 5 2 1 0 .6 5 1 7 0 .0 4 7 6 0 .0 4 7 6 0 .0 4 7 5
18 1 0 8 0 0 .9 1 2 6 0 .9 1 1 3 0 .9 1 1 7 0 .0 6 6 6 0 .0 6 6 5 0 .0 6 6 5
2 4 1 4 4 0 1 .0 1 0 3 1 .0 0 9 0 1 .0 0 8 7 0 .0 7 3 7 0 .0 7 3 6 0 .0 7 3 6
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F 3  V a n a d i u m  p e r m e a b i l i t y  r a w  d a t a  o f  S - P P E E S

P e rm ea tio n  tim e (m in)

F i g u r e  F 1 2  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร -  
P P E E S  ( D S = 5 2 .8 1 % ) .

T a b l e  F l l  V a n a d iu m  p e n n e a b i l i ty  d a ta  o f  S -P P E E S  ( D S = 5 2 .8 1 % )

P e rm e a t io n  t im e  
h  m in A ,

A b s o r b a n c e
"a 2 a 3 Cl

C o n c e n tr a t io n
c 2 c 3

3 1 8 0 0 .1 2 0 7 0 .1 2 0 9 0 .1 2 0 8 0 .0 0 8 8 0 .0 0 8 8 0 .0 0 8 8
6 3 6 0 0 .2 3 3 7 0 .2 3 3 9 0 .2 3 4 0 0 .0 1 7 0 0 .0 1 7 1 0 .0 1 7 1

1 2 7 2 0 0 .3 6 5 9 0 .3 6 6 7 0 .3 6 6 9 0 .0 2 6 7 0 .0 2 6 8 0 .0 2 6 8
18 1 0 8 0 0 .5 8 1 6 0 .5 8 1 4 0 .5 8 1 8 0 .0 4 2 4 0 .0 4 2 4 0 .0 4 2 4
3 0 1 8 0 0 0 .8 3 5 4 0 .8 3 5 3 0 .8 3 6 1 0 .0 6 0 9 0 .0 6 0 9 0 .0 6 1 0
3 6 2 1 6 0 1 .0 0 7 3 1 .0 0 8 2 1 .0 0 8 2 0 .0 7 3 5 0 .0 7 3 5 0 .0 7 3 5
4 8 2 8 8 0 1 .0 8 9 9 1 .0 9 0 3 1 .0 9 0 0 0 .0 7 9 5 0 .0 7 9 5 0 .0 7 9 5
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F i g u r e  F 1 3  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร -  
P P E E S  ( D S = 6 2 .5 3 % ) .

T a b l e  F 1 2  V a n a d iu m  p e r m e a b i l i ty  d a ta  o f  S -P P E E S  ( D S = 6 2 .5 3 % )

P e rm e a t io n  t im e  
h  m in A ,

A b s o r b a n c e
a 2 a 3 c ,

C o n c e n tr a t io n
c 2 c 3

'ไว่ 1 8 0 0 .1 1 5 1 0 .1 1 6 3 0 .1 1 5 9 0 .0 0 8 4 0 .0 0 8 5 0 .0 0 8 5
6 3 6 0 0 .2 4 6 3 0 .2 4 6 8 0 .2 4 6 8 0 .0 1 8 0 -0 .0 1 -8 0 0 .0 1 8 0

1 2 7 2 0 0 .3 9 7 8 0 .3 9 8 0 0 .3 9 8 1 0 .0 2 9 0 0 .0 2 9 0 0 .0 2 9 0
18 1 0 8 0 0 .5 7 5 2 0 .5 7 5 6 0 .5 7 5 5 0 .0 4 2 0 0 .0 4 2 0 0 0 4 2 0
30 1 8 0 0 0 .8 8 8 9 0 .8 8 9 3 0 .8 8 9 0 0 .0 6 4 8 0 .0 6 4 9 0 .0 6 4 9
3 6 2 1 6 0 1 .0 3 4 2 1 .0 3 4 5 1 .0 3 4 3 0 .0 7 5 4 0 .0 7 5 5 0 .0 7 5 5
4 8 2 8 8 0 1 .2 2 9 3 1 .2 3 0 1 1 .2291 0 .0 8 9 7 0 .0 8 9 7 0 .0 8 9 7
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F i g u r e  F 1 4  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  S - 
P P E E S  ( อ ร = 6 8 .7 3 % ) .

T a b l e  F 1 3  V a n a d iu m  p e n n e a b i l i t y  d a ta  o f  S -P P E E S  ( D S = 6 8 .7 3 % )

P e rm e a t io n  t im e  A b s o r b a n c e  C o n c e n t r a t io n
h m in A , A t a 3 C'l C -2 c3

5 18 0 0 .1 5 1 4 0 .1 5 1 4 0 .1 5 1 3 0 . 0 1 1 0 0 . 0 1 1 0 0 . 0 1 1 0
6 3 6 0 0 .2 5 4 9 0 .2 5 5 1 0 .2 5 4 7 0 .0 1 8 6 0 .0 1 8 6 0 .0 1 8 6
18 1 0 8 0 0 .6 4 7 2 0 .6 4 7 0 0 .6 4 6 5 0 .0 4 7 2 0 .0 4 7 2 0 .0 4 7 2
2 4 1 4 4 0 0 .9 7 8 0 0 .9 7 7 2 0 .9 7 6 6 0 .0 7 1 3 0 .0 7 1 3 0 .0 7 1 2
3 6 2 1 6 0 1 .3701 1 .3 6 8 5 1 .3 6 6 9 0 .0 9 9 9 0 .0 9 9 8 0 .0 9 9 7
5 0 3 0 0 0 1 .7 7 0 6 1 .7 7 1 7 1 .7 7 0 3 0 .1 2 9 2 0 .1 2 9 2 0 .1 2 9 1
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F i g u r e  F 1 5  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e rv o ir  w i th  v a r io u s  t im e  o f  S - 
P P E E S  ( D S = 7 1 .6 9 % ) .

T a b l e  F 1 4  V a n a d iu m  p e n n e a b i l i ty  d a ta  o f  S - P P E E S  ( D S = 7 1 .6 9 % )

P e r m e a t io n  t im e  ,  A b s o r b a n c e  C o n c e n t r a t io n
h m in A , a 2 A 3 Cl c 2 c 3
ว่ 180 0 .1 4 0 9 0 .1 4 1 0 0 .1 4 0 9 0 .0 1 0 3 0 .0 1 0 3 0 .0 1 0 3
9 5 4 0 0 .3 9 6 9 0 .3 9 7 8 0 .3 9 7 9 0 .0 2 9 0 0 .0 2 9 0 0 .0 2 9 0

1 2 7 2 0 0 .5 2 3 2 0 .5 2 4 1 0 .5 2 4 3 0 .0 3 8 2 0 .0 3 8 2 0 .0 3 8 2
18 1 0 8 0 0 .7 3 6 8 0 .7 3 6 4 0 .7 3 4 9 0 .0 5 3 8 0 0 5 3 7 0 .0 5 3 6
2 7 1 6 2 0 1 .0 3 4 8 1 .0 3 6 8 1 .0 3 6 4 0 .0 7 5 5 0 .0 7 5 6 0 .0 7 5 6
3 6 2 1 6 0 1 .2 6 7 4 1 .2 6 7 2 1 .2 6 7 5 0 .0 9 2 5 0 .0 9 2 4 0 .0 9 2 5
4 8 2 8 8 0 1 .7 1 9 3 1 .7 1 9 5 1 .7 2 2 4 0 .1 2 5 4 0 .1 2 5 4 0 .1 2 5 7
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P erm ea tio n  tim e  (m in)

F i g u r e  F 1 6  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e rv o i r  w i th  v a r io u s  t im e  o f  ร - 
P P E E S  ( D S = 7 7 .8 8 % ) .

T a b l e  F 1 5  V a n a d iu m  p e r m e a b i l i t y  d a ta  o f  S -P P E E S  ( D S = 7 7 .8 8 % )

P e n n e a t i o n  t im e  A b s o r b a n c e  C o n c e n t r a t io n
h  m in  A l A 2 A 3 C l c 2 C-3

3 180 0 .1 3 8 7 0 .1 3 9 0
6 3 6 0 0 .3 0 9 6 0 .3 0 9 6
9 5 4 0 0 .4 0 8 2 0 .4 0 7 9

1 2 7 2 0 0 .5 6 6 9 0 .5 6 7 0
18 1 0 8 0 0 .7 6 1 7 0 .7 6 1 6
2 4 1 4 4 0 0 .9 3 1 2 0 .9 3 0 6
3 0 18 00 1 .1 2 3 3 1 .1 2 3 0
36 2 1 6 0 1 .3 9 6 6 1 .3 9 7 5

0 .1 3 9 3 0 . 0 1 0 1 0 . 0 1 0 1 0 . 0 1 0 2
0 .3 1 0 0 0 .0 2 2 6 0 .0 2 2 6 0 .0 2 2 6
0 .4 0 7 8 0 .0 2 9 8 0 .0 2 9 8 0 .0 2 9 7
0 .5 6 6 9 0 .0 4 1 4 0 .0 4 1 4 0 .0 4 1 4
0 .7 6 1 7 0 .0 5 5 6 0 .0 5 5 6 0 .0 5 5 6
0 .9 3 0 3 0 .0 6 7 9 0 .0 6 7 9 0 .0 6 7 9
1 .1 2 3 3 0 .0 8 1 9 0 .0 8 1 9 0 .0 8 1 9
1 .3 9 8 4 0 .1 0 1 9 0 .1 0 1 9 0 . 1 0 2 0
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F i g u r e  F 1 7  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  ร - 
P P E E S  (D S = 8 3 .9 9 % ) .

T a b l e  F 1 6  V a n a d iu m  p e r m e a b i l i t y  d a t a  o f  S -P P E E S  ( D S = 8 3 .9 9 % )

P e r m e a t io n  t im e  
h  m in A ,

A b s o r b a n c e
A 2 A 3 C l

C o n c e n t r a t io n
c 2 c 3

3 18 0 0 .1 3 1 6 0 .1 3 1 3 0 .1 3 2 0 0 .0 0 9 6 0 .0 0 9 6 0 .0 0 9 6
- 9  ' 5 4 0 0 .7 8 9 1 0 .7 8 9 2 0 .7 8 9 5 0 .0 5 7 6 0 .0 5 7 6 0 .0 5 7 6

1 2 7 2 0 0 .9 6 2 3 0 .9 6 1 6 0 .9 6 0 6 0 .0 7 0 2 0 .0 7 0 1 0 .0 7 0 1
18 1 0 8 0 1 .1 9 4 7 1 .1 9 3 8 1 .1 8 9 6 0 .0 8 7 2 0 .0 8 7 1 0 .0 8 6 8
2 7 1 6 2 0 1 .5 9 2 1 1 .5 9 1 8 1 .5 9 0 2 0 .1 1 6 1 0 .1 1 6 1 0 .1 1 6 0
3 6 2 1 6 0 2 .0 2 1 3 2 .0 1 6 2 2 .0 1 4 9 0 .1 4 7 5 0 .1 4 7 1 0 .1 4 7 0
48 2 8 8 0 2 .3 9 3 7 2 .3 9 2 0 2 .3 8 8 5 0 .1 7 4 6 0 .1 7 4 5 0 .1 7 4 2
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F 4  V a n a d i u m  p e r m e a b i l i t y  o f  N a f i o n l l 7

. 1 0

J  .08
๐ p

j l  

%  . 0 2  

0 . 0 0
0 500 1000 1500 2000 2500 3000

P e rm e a tio n  tim e (m in)
F i g u r e  F 1 8  V a n a d iu m  ( IV )  c o n c e n t r a t io n  in  r ig h t  r e s e r v o i r  w i th  v a r io u s  t im e  o f  
N a f io n l  17 .

T a b l e  F I  7  V a n a d iu m  p e r m e a b i l i t y  d a ta  o f  N a f io n l  17

P e n n e a t io n  t im e  A b s o r b a n c e  C o n c e n tr a t io n
h m in A i a 2 a 3 c , c 2 c 3
ร 18 0 0 .1 3 4 9 0 .1 3 5 0  ■ 0 .1 3 5 1 0 .0 0 9 8 0 .0 0 9 8 0 .0 0 9 9

1 2 7 2 0 0 .4 3 4 2 0 .4 3 2 4  - 0 .4 3 2 7 0 .0 3 1 7 0 .0 3 1 5 0 .0 3 1 6
15 9 0 0 0 .5 3 7 0 0 .5 3 7 0 0 .5 3 6 9 0 .0 3 9 2 0 .0 3 9 2 0 .0 3 9 2
18 1 0 8 0 0 .6 3 2 7 0 .6 3 1 8 0 .6 3 1 9 0 .0 4 6 2 0 .0 4 6 1 0 .0 4 6 1
2 4 1 4 4 0 0 .7 4 0 3 0 .7 4 0 1 0 .7 4 0 4 0 .0 5 4 0 0 .0 5 4 0 0 .0 5 4 0
3 9 2 3 4 0 1 .0 3 8 0 1 .0 3 8 0 1 .038 1 0 .0 7 5 7 0 .0 7 5 7 0 .0 7 5 7
4 8 2 8 8 0 1 .2 4 8 5 1 .2 4 7 8 1 .2 4 8 7 0 .0 9 1 1 0 .0 9 1 0 0 .0 9 1 1
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A p p e n d i x  G  I o n  E x c h a n g e  C a p a c i t y

T h e  IE C  is  d e f in e d  a s  m m o l o f  s u l fo n ic  a c id  g r o u p s  f o r  1 g  o f  d ry  p o ly m e r  
d e te r m in e d  th r o u g h  th e  a c id - b a s e  t i t r a t io n . T h e  s u l fo n ic  a c id  g ro u p s  w e r e  t i t r a te d  
w i th  N a O H  s o lu t io n .  T h e  m e m b r a n e s  w a s  d r ie d  a t  10 0  ๐c  f o r  2 4  h , w e ig h e d  a n d  th e n  
im m e rs e d  o v e r n ig h t  in  a  k n o w n  v o lu m e  0.1 M  N a C l s o lu t io n  to  e x c h a n g e  th e  H + to  
N a + io n s . T h e  H + c o n ta in in g  s o lu t io n  w a s  d e te rm in e d  b y  b a c k  t i t r a t io n  w i th  a  0 .01  M  
N a O H  s o lu t io n  u n t i l  p H  w a s  n e u tr a l  w i th  p h e n o lp h th a le in  a s  a n  in d ic a to r .  IE C  w a s  
c a lc u la te d  a c c o r d in g  to  th e  f o l lo w in g  E q . G l :

IE C  ( m m o l  - g - 1)  =  Ver . y ° »  ( G l )wd

w h e r e  Veq is  th e  e q u iv a le n t  v o lu m e  o f  N a O H  s o lu t io n  a n d  พ d r e fe r s  to  th e  w e ig h t  o f  

th e  d ry  m e m b r a n e .s d s

๐

3.0

2.5 -
. 5

•O ' S-PEEK 
S-PPEES 

•  Nation 117

pyช

2 . 0  -
> '1
P๙ç .ะรOP.5b

1.5 -

ร. 1 .0  - 5 " '
.O '

ร

°  .5 -

0 . 0 —I—
50 T30 40 60 70 80 Nation 117

D eg ree  o f  su lfo n a tio n  (%  )

F i g u r e  G l  Io n  e x c h a n g e  c a p a c i ty  v e r s u s  d e g re e  o f  s u l f o n a t io n  o f  S -P E E K , ร - 
P P E E S , a n d  N a t io n  117 .
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F i g u r e  G 2  Io n  e x c h a n g e  c a p a c i ty  v e r s u s  d e g re e  o f  s u l f o n a t io n  o f  S -P E E K .

T a b l e  G 1  Io n  e x c h a n g e  c a p a c ity  v e r s u s  s u l f o n a t io n  t im e  o f  S -P E E K

S a m p le D S
(% )

Io n  E x c h a n g e  C a p a c i ty  (m rn o l/g )

IE C  1 i e c 2 i e c 3 A v e ra g e

5 0 1 0 0 3 3 9 .0 2 1 .0 9 4 1 .0 0 4 1 .0 3 0 1 .0 4 3  ± 0 .0 4 6
5 0 J 5 0 ~ 3 4 4 .1 4 1 .162 1 .1 4 4 1 .1 6 2 1 .1 5 6  ±  0 .0 1 0
5 0 ~ 2 0 0 ~ 3 5 9 .6 0 1 .5 8 6 1 .6 5 2 1 .6 5 2 1 .6 3 0  ± 0 .0 3 8
5 0 ~ 2 0 0 ~ 5 7 3 .3 2 2 .1 9 3 2 .2 4 3 2 .2 4 3 2 .2 2 6  ± 0 .0 2 9
5 0  2 0 0  7 7 7 .4 3 2 .3 1 3 2 .4 4 1 2 .4 7 5 2 .4 1 0  ± 0 .0 8 5
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F i g u r e  G 3  Io n  e x c h a n g e  c a p a c i ty  v e r s u s  d e g re e  o f  s u l fo n a t io n  o f  S -P P E E S .

T a b l e  G 2  I o n  e x c h a n g e  c a p a c i ty  v e r s u s  d e g re e  o f  s u l f o n a t io n  o f  S -P P E E S

D S Io n  E x c h a n g e  C a p a c i ty  (m m o l/g )

(% ) IE C , I E C 2 IE C j A v e ra g e

2 5 1 0 0 1 2 5 2 .8 1 0 .6 9 0 0 .5 6 1 0 .6 4 7 0 .6 3 3  ±  0 .0 6 6
2 5 J 0 0 J 8 6 2 .5 3 0 .8 0 4 0 .8 7 0 0 . 8 8 6 0 .8 5 3  ±  0 .0 4 3
2 5  J  0 0 ^ 2 4 6 8 .7 3 1 .1 7 7 1 .0 8 7 1 .1 7 7 1 .1 4 7  ± 0 .0 5 2
2 5 ~ 1 0 0 ~ 3 0 7 1 .6 9 1 .5 7 3 1 .4 5 8 1 .4 9 7 1 .5 0 9  ± 0 .0 5 8
2 5 J 0 0 ~ 3 6 7 7 .8 8 1 .6 9 9 1 .7 8 6 1 .901 1 .7 9 5  ± 0 .1 0 1
2 5  1 0 0  4 8 8 3 .9 9 2 .1 3 3 2 .0 5 3 1 .9 7 2 2 .0 5 3  ± 0 .0 8 1
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T a b l e  G 3  I o n  e x c h a n g e  c a p a c i ty  v e r s u s  d e g r e e  o f  s u l f o n a t io n  o f  N a t io n  117

S a m p le
Io n  E x c h a n g e  C a p a c i ty  (m m o l /g )

IE C i i e c 2 IEC-3 A v e ra g e

N a t io n  117 0 .7 2 4 0 .7 4 9 0 .7 9 0 0 .7 5 4  ± 0 .0 3 3
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A p p e n d i x  H  W a t e r  U p t a k e

T h e  0 .1 8 0  c m  th ic k  m e m b ra n e  w a s  c u t  to  1.5 X 1.5 c m 2 d im e n s io n .  T h e n , 

th e  m e m b r a n e  w a s  d r ie d  a t  1 0 0  ๐c  fo r  2 4  h , w e ig h e d ,  a n d  s o a k e d  in  d e io n iz e d  w a te r  
a t  r o o m  te m p e r a tu r e  f o r  2 4  h . A f te r  th a t, th e  m e m b ra n e  w a s  ta k e n  o u t  a n d  th e  w a te r  
a d h e r in g  to  th e  s u r f a c e  w a s  q u ic k ly  w ip e d  o f f  u s in g  a b s o r b e n t  p a p e r . T h e  m e m b ra n e  
w a s  w e ig h e d  a g a in . T h e n , th e  w a te r  u p ta k e  w a s  c a lc u la te d  a s  f o l lo w in g  E q . H I  :

w h e r e  พw a n d  พ d r e f e r  to  th e  w e ig h t  o f  th e  w e t  a n d  d ry  s a m p le s ,  r e s p e c t iv e ly .

w a t e r  u p t a k e  ( % )  =  X 1 0 0 ( H I )

■ ■ O'- S-PEEK 
•••®•• S-PPEES

80 -

. . • ร ’
40 - ...O'-'

2 0  -

30 40 50 60 70 80 90 N afionin
D egree  o f  su lfo n a tio n  (% )

F i g u r e  H I  W a te r  u p ta k e  o f  S -P E E K , S -P P E E S  a n d  N a t io n  1 1 7 .
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HI Sulfonated po!y(ether ether ketone)

F i g u r e  H 2  W a te r  u p ta k e  o f  s u l f o n a te d  p o ly  ( e th e r  e th e r  k e to n e )  a t d i f f e r e n t  d e g re e  
o f  s u l f o n a t io n .

T a b l e  H I  W a te r  u p ta k e  o f  s u l f o n a te d  p o ly ( e th e r  e th e r  k e to n e )

S a m p le
D e g r e e  o f W a te r  u p t a k e  (% )

s u l f o n a t io n
(% )

1 2 'ไ3 A v e ra g e

5 0 1 0 0 3 3 9 .0 2 3 0 .6 4 3 0 .3 0 3 0 .2 0 3 0 .3 8  ± 0 .2 3
5 0 J 5 o3 4 4 .1 4 3 2 .6 4 2 9 .3 8 3 1 .4 4 31 16 ±  1 .65
5 0 ~ 2 0 o3 5 9 .6 0 3 9 .3 4 3 9 .0 6 3 9 .3 4 3 9 .2 4  ± 0 . 1 6
5 0 ~ 2 0 o l5 7 3 .3 2 5 0 .5 0 4 6 .7 3 4 9 .6 7 4 8 .9 7  ±  1.98
5 0  2 0 0  7 7 7 .4 3 5 4 .4 5 5 2 .3 0 5 4 .0 9 5 3 .6 1  ±  1.15
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Table H2 Water uptake data of sulfonated poly (ether ether ketone)

S a m p le
W e t  w e ig h t  (g ) D r y  w e ig h t  (g )

พ พ ! พพ 2 พพร พ d ! พ ,*2 พ ,d3

5 0 1 0 0 3 0 .0 3 8 8 0 .0 3 8 7 0 .0 3 8 8 0 .0 2 9 7 0 .0 2 9 7 0 .0 2 9 8
5 0 J 5 0 J 0 .0 2 5 6 0 .0 2 5 1 0 .0 2 5 5 0 .0 1 9 3 0 .0 1 9 4 0 .0 1 9 4
5 0 ~ 2 0 0 ไ 3 0 .0 5 0 3 0 .0 5 0 2 0 .0 5 0 3 0.-0361 0 .0 3 6 1 0 .0 3 6 1
5 0 ~ 2 0 0 ~ 5 0 .0 4 5 6 0 .0 4 4 9 0 .0 4 5 5 0 .0 3 0 3 0 .0 3 0 6 0 .0 3 0 4
5 0 ~ 2 0 0 ~ 7 0 .0 4 3 4 0 .0 4 3 1 0 .0 4 3 3 0 .0 2 8 1 0 .0 2 8 3 0 .0 2 8 1

H2 Sulfonated poly(phenylene ether ether sulfone)

Figure H3 W a te r  u p ta k e  o f  s u l fo n a te d  p o ly ( p h e n y le n e  e th e r  e th e r  s u l fo n e )  
a t  d i f f e re n t  d e g r e e  o f  s u l fo n a t io n .
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Table H3 Water uptake of sulfonated poly(phenylene ether ether sulfone)

D e g re e  o f W a te r  U p ta k e  (% )
S a m p le s u l f o n a t io n

(% )
1 2 3 A v e ra g e

2 5  100  12 52 .8 1 7 2 .5 8 7 3 .2 0 7 3 .2 9 7 3 .0 2  ±  0 .3 9
2 5  100  18 6 2 .5 3 8 0 .2 7 7 9 .8 0 7 9 .0 8 7 9 .7 2  ±  0 .6 0
2 5  100  2 4 6 8 .7 3 89 .6 1 8 6 .9 6 8 5 .1 6 8 7 .2 4  ±  2 .2 4
2 5  100  30 7 1 .6 9  - 9 4 .9 9 9 1 .5 7 8 9 .5 7 9 2 .0 4  ±  2 .7 4
2 5  10 0  3 6 7 7 .8 8 9 5 .1 7 9 7 .4 6 1 0 2 .5 6 9 8 .4 0  ± 3 . 7 8
2 5 J Q 0 ~ 4 8 8 3 .9 9 1 0 6 .7 6 1 0 7 .3 2 1 0 9 .5 8 1 0 7 .8 9  ±  1 .4 9

Table H4 W a te r  u p ta k e  d a ta  o f  s u l fo n a te d  p o ly  ( e th e r  e th e r  k e to n e )

S a m p le W e t  w e ig h t  (g ) D ry  w e ig h t  (g )

พ น ,1 พ พ 2 พ พ 3 Wdi พ d 2 พ d3

2 5  100  12 0 .0 5 3 5 0 .0 5 3 0 0 .0 5 3 2 0 .0 3 1 0 0 .0 3 0 6 0 .0 3 0 7
2 5 J 0 0 J 8 0 .1 4 4 4 0 .1 4 4 2 0 .1 4 3 8 0 .0 8 0 1 0 .0 8 0 2 0 .0 8 0 3
2 5 J 0 0 ~ 2 4 0 .0 8 2 1 0 .0 8 1 7 0 .0 8 1 1 0 .0 4 3 3 0 .0 4 3 7 0 .0 4 3 8
2 5 J 0 0 J 0 0 .0 6 6 1 0 .0 6 5 9 0 .0 6 5 4 0 .0 3 3 9 0 .0 3 4 4 0 .0 3 4 5
2 5  100  3 6 0 .8 4 9 0 0 .8 5 5 0 0 .8 7 1 0 0 .4 3 5 0 0 .4 3 3 0 0 .4 3 0 0
2 5 J 0 0 ~ 4 8 0 .8 5 6 0 0 .8 5 0 0 o'. 8 5 3 0 0 .4 1 4 0 0 .4 1 0 0 0 .4 0 7 0

H 3  N a fio n l 17

Table H5 W a te r  u p ta k e  o f  N a f io n l  17

W a te r  U p ta k e  (% )
ü c lll iu it '

1 2  3 A v e ra g e
N a f io n l  17 1 5 .6 6 1 7 .2 0  1 6 .0 4 1 6 .3 0  ± 0 . 8 0

Table H6 W a te r  u p ta k e  d a ta  o f  N a f io n l  17

W e t  w e ig h t  (g ) D r y  w e ig h t  (g )
พ พ ! พ ร 2 พ พ ร Wdi พ * 2 พ * 3

0 .0 9 6 0 .0 9 8 1 0 .0 7 6 7 0 .0 8 3 0 .0 8 3 7 0 .0 6 6 1
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Appendix I Mechanical Properties

The tensile properties of thin film were investigated on a universal testing 
machine (Lloyd, SMT2-500N) under ASTM D882 with 500 N capacity at 23 ± 2 ๐c  
and 50 RH. The initial gauge separation and cross speed was set to 50 mm with 25 
mm/min, respectively. A specimen with a guage length of 30 mm, a width of 10 mm 
and, nominal thickness was not greater than 0.250 mm. The parameters consist of the 
Young’s modulus, tensile strength, and elongation at break were measured and 
reported. All these tests were conductedjit ambient temperature and an average value 
of five repeated tests was taken for each material.

II Mechanical properties of S-PEEK, S-PPEES, and Nafionl 17

๐>■
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6 0 0  -
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•O - S-PEEK 
•®••• S-PPEES 
•  N a fio n l 117

i .

Ç)i\'

3 0  4 0  5 0  6 0  7 0  8 0  9 0

Degree of sulfonation (%)
100

Figure II Young's modulus of S-PEEK, S-PPEES, and Nafionl 17.
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Figure 12 Stress at yield of S-PEEK, S-PPEES, and Nafion 117.
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Figure 13 Percentage strain at yield of S-PEEK, S-PPEES. and Nafion 117.
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Table I I Mechanical properties of sulfonated poly(ether ether ketone)

Degree of Young's Stress at Percentage
Sample sulfonation Modulus Yield Strain at Yield

(%) (MPa) (MPa) (%)
5 0 1 0 0 3 39.02 720.3 ± 78.3 19.40 ±2.21 4.317 ±0.632
5 0 J 5 0 J 44.14 742.6 ±36.1 27.46 ± 1.50 5.916 ±0.298
50~200~3 59.60 850.3 ±29.7 36.33 ± 1.79 7.229 ±0.174
50200 5 73.32 642.9 ±26.2 21.29 ± 1.42 5.925 ±0.373
50 200 7 77.43 530.6 ±24.9 16.52 ±2.53 5.341 ±0.188

Table 12 Mechanical properties of sulfonated poly(phenylene ether ether sulfone)

Sample Degree of 
sulfonation 

(%)

Young's
Modulus

(MPa)

Stress 
at Yield 
(MPa)

Percentage 
Strain at Yield 

(%)
2 5 1 0 0 1 2 52.81 437.1 ±29.6 13.56 ±2.16 6.115 ±0.722
2 5 1 0 0 1 8 62.53 446.0 ±37.7 16.94 ±0.91 6.525 ±0.827
25_100_24 68.73 519.2 ±61.2 17.83 ±2.00 7.014 ±0.895
2 5 1 0 0 3 0 71.69 609.8 ± 125.8 23.06 ± 1.36 7.398 ±2.477
2 5 1 0 0 3 6 77.88 669.9 ±75.5 24.78 ±0.59 8.589 ± 1.668
2 5 1 0 0 4 8 83.99 504.7 ±90.4 15.32 ±2.50 5.475 ± 0.274

Table 13 Mechanical properties of Nation 1 ] 7

Sample Young's Modulus Stress at Yield Percentage
(MPa) (MPa) Strain at Yield

(%)
Nafion 117 185.0 ± 10.2 10.99 ±0.41 24.12 ± 1.91
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12 Mechanical properties raw data of S-PEEK

Table 14 Mechanical properties of S-PEEK (DS=39.02%)

Sample Break
position

Young's
Modulus

(MPa)

Stress 
at Yield 
(MPa)

Percentage 
Strain at Yield 

(%)
Sample 1 Grip* 607.3 17.14 4.278
Sample 2 Grip 727.6 18.75 3.549
Sample 3 Grip 771.9 19.29 4.347-
Sample 4 Grip 774.2 22.41 5.095

Table 15 Mechanical properties of S-PEEK (DS==44.14%)

Sample Break position
Young's
Modulus

(MPa)

Stress 
at Yield 
(MPa)

Percentage 
Strain at Yield

(%)
Sample 1 Grip 773.1 28.40 6  086
Sample 2 Grip 751.9 28.25 6.090
Sample 3 Grip 702.8 25.73 5.571

Table 16 Mechanical properties of S-PEEK (DS==59.60%)

Break Young's Stress Percentage
Sample . . Modulus at Yield Strain at Yieldposition (MPa) (MPa) (%)

Sample 1 Guage length 806.1 34.59 7.288
Sample 2 Grip 867.9 38.83 7.001
Sample 3 Guage length 860.0 35.92 7.417
Sample 4 Guage length 867.2 35.96 7.208
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Table 17 Mechanical properties of S-PEEK (DS=73.32%)

Sample Break
position

Young's
Modulus
(MPa)

Stress 
at Yield 
(MPa)

Percentage 
Strain at Yield 

(%)
Sample 1 Guage length 680.8 23.32 6.271
Sample 2 *Grip 515.7 21.35 6.307
Sample 3 Grip 607.2 19.92 5.400
Sample 4 Guage length 645.4 20.99 5.831
Sample 5 Grip 643.0 2 0 .1 1 6.302
Sample 6 *Grip 417.8 14.15 5.006
Sample 7 Grip 637.9 22.09 5.822

Table 18 Mechanical properties of S-PEEK (DS=77.43%)

Sample Break
position

Young's
Modulus
(MPa)

Stress 
at Yield 
(MPa)

Percentage 
Strain at Yield

(%)
Sample 1 Grip 516.1 19.43 5.130
Sample 2 Guage length 559.4 14.83 5.401
Sample 3 Grip 516.4 15.31 5.491
Sample 4 *Grip 953.6 19.99 3.760
Sample 5 *Grip 507.4 19.64 6.429
Sample 6 *Grip 432.8 10.98 4.016
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13 Mechanical properties raw data of S-PPEES 

Table 19 Mechanical properties of S-PPEES (DS=52.81%)

Sample Break
position

Young's 
' Modulus 

(MPa) Y i^ M P a ,
Percentage 

Strain at Yield 
(%)

Sample 1 Grip 406.2 11.46 5.944
Sample 2 Guage length 465.2 13.44 6.907
Sample 3 Grip 439.9 15.78 5.494

Table 110 Mechanical properties of S-PPEES (DS==62.53%)

Sample Break
position

Young's
Modulus
(MPa)

Stress at 
Yield (MPa)

Percentage 
Strain at Yield

(%)
Sample 1 Grip 437.4 15.74 6.620
Sample 2 *Grip 987.9 14.79 5.177
Sample 3 Grip 468.0 17.47 6.049
Sample 4 Grip 396.8 . 17.79 7.373
Sample 5 Guage length 481.7 16.76 6.059

Table 111 Mechanical properties of S-PPEES (DS==68.73%)

Sample Break
position

Young's
Modulus

(MPa)
Stress at 

Yield (MPa)
Percentage 

Strain at Yield 
(%)

Sample 1 Grip 467.2 17.32 7.557
Sample 2 Grip 491.7 18.00 7.954
Sample 3 Guage length 510.8 15.59 6.523
Sample 4 Guage length 606.9 20.41 6 .0 2 2
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Table 112 Mechanical properties of S-PPEES DS=71.69%

Sample Break
position

Y oung's 
Modulus 

(MPa)

Percentage 
Strain at Yield

(%)
Sample 1 Grip 496.4 2 2 .8 6 8.523
Sample 2 Grip 459.9 22.92 11.04
Sample 3 Grip 689.5 21.59 _ 5.15
Sample 4 Grip 750.2 22.65 5.192
Sample 5 Grip 653.1 - 25.29 7.086

Table 113 Mechanical properties of S-PPEES (DS==77.88%) -

Sample Break
position

Young's
Modulus

(MPa)

Percentage 
Strain at Yield

(%)
Sample 1 Guage length 588.2 25.25 8 859
Sample 2 Guage length 684.3 24.12 10.105
Sample 3 Guage length 737.2 24.96 6.802

Table 114 Mechanical properties of S-PPEES (DS==83.99%)

Break
position

Young's Stress at Percentage
Sample Modulus

(MPa)
Yield
(MPa)

Strain at Yield 
(%)

Sample 1 Grip 601.3 18.02 5.531
Sample 2 *Grip 8939.9 29.53 14.78
Sample 3 *Grip 1069 8 32.86 8.809
Sample 4 Grip 490.5 14.88 5.178
Sample 5 Grip 422.2 13.07 5.717
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14 Mechanical properties raw data of Nafionll7

Table 115 Mechanical properties of Nafionl 17

Sample Break
position

Young's
Modulus

(MPa)

Stress at 
Yield 
(MPa)

Percentage 
Strain at Yield 

(%)
Sample 1 - 181.7 11.04 25.06
Sample 2 - 176.8 10.55 21.92
Sample 3 - *Grip 216.0 1 1 .8 8 78.40
Sample 4 Grip 196.4 11.37 25.37
Sample 5 *Slip 198.9 20.28 154.7
Sample 6 *Slip 143.8 14.23 70.08
Sample 7 *Guage length -53.10 26.55 218.7
Sample 8 *Grip 150.5 9.485 9.666
Remark: Some conditions (*) were not calculated for average evaluation.
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The selectivity of S-PEEK, S-PPEES, and Nafion 117 is defined the ratio of 
proton conductivity to vanadium penneability.

Table J1 Selectivity of sulfonated poly(ether ether ketone)

Appendix J Selectivity

Sample
Degree of 

sulfonation
(%)

Proton
conductivity

(S/cm)

Vanadium
penneability

(cm2/min)

Selectivity 
(ร min/cm3)

5 0 1 0 0 3 39.02 6.789x10'5 1.512x10'° 44.89
50J50~3 44.14 7.896x10'5 1.908x1 O'6 -41.38
50~200~3 59.60 1.216x1 O'4 3.199x1 O'6 38.01
50_200_5 73.32 7.484x1 o-4 6.088x1 O'6 122.93
50_200_7 77.43 1.023x10‘4 1.038X10'5 98.55

Table J2 Selectivity of sulfonated poly(phenylene ether ether sulfone)

Sample Degree of Proton Vanadium Selectivitysulfonation
(%)

conductivity
(S/cm)

permeability
(cm2/min) (ร min/cm3)

25_100_12 52.81 6.847x10’4 5.720x10'b 119.70
25_100_18 62.53 7.150X10'4 6.582x1 O'6 108.63
25_100_24 68.73 1.045x10‘3 7.670x1 O'6 136.25
25 10030 71.69 1.21 Ox 1 O’3 8.361 xlO'6 144.72
25_100_36 77.88 1.414X10’3 8.922x1 O'6 158.48
25 100 48 83.99 1.902x10’3 1.280x10'5 148.59
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Table J3 Selectivity of of Nation 117

Sample Proton conductivity Vanadium Selectivity
(S/crn) permeability ( ร min/cm3)

(cm2/min)
Nation 117 3.17x1 O'4 6.760x1 O'6 46.95
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The crystalline structure of polymer and sulfonated polymer was examined 
by a wide angle X-ray diffraction (Bruker AXS, D8 Advance). The CuK-alpha 
radiation source was operated at 40 kv/30 mA. The interference peak was eliminated 
by a K-beta filter. Divergence silt and scattering silt of 0.5° together with 0.3 mm of 
receiving silt were used. The samples were mounted on a sample holder and a 
measurement was continuously run. The experiment was recorded by monitoring the 
diffraction pattern appearing in the 20 range from 5 to 50, with a scan speed of 
17min, and a scan step of 0 .0 2 °.

K1 Sulfonated poly(ether ether ketone)

Appendix K X-ray Diffraction

Figure Kl XRD pattern of poly(ether ether ketone) and sulfonated poly(ether ether 
ketone) at various degrees of sulfonation.
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K2 Sulfonated poly(phenylene ether ether sulfone)

2 0

Figure K2 XRD pattern of poly(phenylene ether ether sulfone) and sulfonated 
polyfphenylene ether ether sulfone) at various degrees of sulfonation.

Figures K1 and K2 show a broad amorphous scattering of XRD pattern for 
both of polymers after sulfonation. Both of PEEK and PPEES exhibit a more 
amorphous structure with increasing DS. The increasing DS induces more SO;,El 
groups on the polymer backbone with resulting in changing the chain conformation 
and the decreasing the chain free volume, and thus facilitates orientation of the 
amorphous structure [Reyna-Valencia et ah, 2005; Zaidi. 2003],
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K3 Comparison between S-PEEK and S-PPEES

2 0

Figure K3 XRD pattern of sulfonated poly(ether ether ketone) and sulfonated 
poly(phenylene ether ether sulfone).

Figure K3 shows broad amorphous scattering of XRD patterns of S-PEEK 
and S-PPEES. However, the XRD pattern of S-PPEES is broader than S-PEEK 
which indicates that the S-PPEES is a more amorphous structure than S-PEEK due to 
steric hindrance. The chain packing of S-PPEES is lower than S-PEEK because ร- 
PPEES is composed of the sulfone group (0=s=0) which provides more steric 
hindrance than the ketone group (C=0) of S-PEEK, resulting in a more amorphous 
structure [Baschek et ah, 1999],
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The structures of sulfonated PEEK and PPEES were determined by a NMR 
spectrometer (Bruker Biospin Avance 500 MHz NMR spectrometer) using 
deuterated dimethyl sulfoxide (DMSO-c/tf) as the solvent. For each analysis. 3 wt% 
polymer solution was prepared in DMSO and the experiment was conducted at room 
temperature.

LI Sulfonated poly(ether ether ketone)

Appendix L Nuclear Magnetic Resonance (NMR)

s . ' l u  '  " ร . น '  1 ' - « o '  '  T .7 U  ' 7 . l o  '  ' - . u  1 7 .4 (1  '  7  1 '  1 7 , 'u i  ' '  - . 1 »  1 ' « 1. ! » '
1 — (  h e m ic  *1 v firft ( p p m )

Figure LI NMR spectrum of poly sulfonated poly(ether ether ketone).
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L2 Sulfonated poIy(phenylene ether ether sulfone)

Figure L2 NMR spectrum of sulfonated poly(phenylene ether ether sulfone).

Sulfonation of PEEK and PPEES are an electrophilic substitution reaction, 
in which the S O j H  groups are introduced into the hydroquinone segment of the 
polymer chains by the ether linkage and the sulfone linkage of PEEK and PPEES, 
respectively. The presence of the S O 3 H  group on S-PEEK and S-PPEES causes a 
down-field shift of the hydrogen ( H e )  to 7 . 5 5  ppm and 7 . 4 5  ppm for S-PEEK and ร- 
PPEES, respectively. The doublets at 7 . 1 5  and 7 . 2 5  can be assigned to the hydrogen 
(He and Ho) on hydroquinone ring (Yee et al., 2 0 1 3 ;  Unveren et al., 2 0 1 0 ) .
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