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Abstract

Proton exchange membrane (PEM) for microbial fuel cell (MFC) was synthesized from chitosan.
Glutaraldehyde and sulfosuccinic acid were used as crosslinking agents in order to improve its
ultimate tensile strength and proton conductivity. Quat-188 was also employed for quaternization
to develop antimicrobial activity of chitosan. Results showed that proton conductivity of chitosan
membrane was enhanced with the content of sulfosuccinic acid. The highest proton conductivity
and ultimate tensile strength (7.84X10'6 S/cm and 6.698 MPa, respectively) were obtained when
0.6 mole ratio of sulfosuccinic acid was employed. The additional positive charge from
quaternization was determined by zeta potential, it was found that the zeta potential value
increased with the reaction time. The morphology change of microorganism that contact with the
surface of quaternized chitosan membrane was verified by SEM, it was shown that the
morphology of microorganism were damaged and the extent of damage increase with the positive
charge density, this might imply that the interaction between positive charge on quaternized
chitosan membrane and negative charge on the outer membrane of microorganism leads to
changes in the cell membrane structure. However, the high positive charge density results in not
only high antimicrobial property, but also significant swelling of the quaternized chitosan
membrane and therefore the strength of membrane were lost. From those results, the optimum
reaction time in quaternization process should not be more than 4 h. Finally, proposed chitosan
membrane was tested with dual chamber microbial fuel cell which graphite felts used as
electrodes yielding ohmic resistance equal to 156 ohm at 72 h of incubation time.

Keywords : Chitosan, Proton Exchange Membrane, Microbial Fuel Cell
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9

= A = 1 YA A o gz [ =\ [
mimsﬂmamaaﬂmuiwmmﬁumiumsuﬂeaeu mumaumllﬂummm YU

A

dd 1
g9 1uAfe Tnseadrandn PTEE szgnidnTanadasnsadalviin (HSO,) delfaseniidendn
FaTliudu (sulfonataion) Tas Tuanaveansada T findamilertudieiuse leoadin Favz

9 o a a 14 I - + @ a ax o '
asranusgnarenedweinaietlu SO, uaz H audalunmni 25 Tag3smsdunsizrine
a I v ' a 9 A o o aA Y Aa 1 a ®
alesAINA1IRNAAAY IAsLTHN DuPont 4N¥BN1NIAINGENI WU (Nafion”) Tag

a ! o { LN N
wileeuiimmai lilsaoungalszuia 0.01-0.1 FwuaavIyUAAT (S/cm) (Hogarth ef al.,

2005)



40

Errrrr R EEEER
D S N A A
FFFFFFFOFFFFFFF
F-C-F
F-C-F
?

F-CG~F
F-C-F
0=8=0
o_

H.

o 25 Tassadvesdalliuageslsedidu nsensaulesgos Isdalwiin PTFE

a 4
Tanodwos

31: Larminie and Dicks (2003)

Y
wa o

Famsiidszy SO, uaz H v ld Inseadnliauaniiayourit (hydrophilicity) Tag

]
[ 1 A

A A ' a =< 3 =2 o o d'
LfJf’JLﬁ@ﬂWTLl%3Nﬂ??ﬂﬁ?ﬂ?iﬂiﬂﬂ?ﬁﬂﬂ“ﬁﬂﬂ?gﬁ “BQLﬂUﬂﬁ]ﬁ]fJﬁWﬂﬂJu@@ﬂTﬁLﬂﬁﬂu%mﬂQIﬂﬁ@@u
= ?,’ d' A ] o Y a [ 1 d’ [] ?,’ [ d'

NITRAFUUIVDIUYDLADNHNIU %3%11ﬁlﬂﬂﬂ1§£!ﬂﬂlwﬁﬂuﬁ$W’JNW'JﬂVI%J%@‘UHTﬂUW’JﬂV]GD'@U
? . Yy a J l A A ¥ o ~ < A - +
LlTVnElWLﬂﬂﬁJ‘LlGD'f’NWTQﬂTﬁLﬂﬁ@H‘V]ﬂJ@QHT (water channel) LUFAIAINTINN 26 HIUND SO, H
v v W 9°I o Y =2 A Y U ] - [ + = o Y +
ﬁllWﬁﬂ’]JTiJlﬁf}ﬁuT ﬂ%ﬂ?iﬁllﬁﬁﬂﬂlﬁuﬂﬁwu‘ﬁg5814'31\11411‘1 SO, NUH 89Ul ‘N’VI”IGLVI H

A Ay v
nsonaeunla



41

© :-SO;

@ : protonic
charge
carrier

@ :H,0
a ' A A 3 aa = 2 A
HNNN 26 ‘I)'@\WI'Nﬂ”l3Lﬂa@uVI‘U@QuTVILﬂﬂﬁ]']ﬂﬂ']iﬂﬂ“IﬁJu”l‘U@ﬁu'W‘I@@u

fan: Hogarth et al. (2005)
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2.1 PFLUIUMSIFHa INIUwY (Sulfonation)
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NH,

3,6-di-O-sulfonated chitosan
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31: Ma and Sahai (2013)
2.2 maaunoana (Phosphorylation)
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CH,OH CH,OH
H.PO ,/ HCHO o
o S . o

J OH
OH * heat

NH, NR R,
R,=H, R ,=CH,PO(OH),
R,=R,=CH,PO(OH),

N-methylenephosphonic chitosan

mwi 31 nszuumaauvgeaaldnuais s lalaanu
111: Ma and Sahai (2013)
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. 3 . .
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31 Ma and Sahai (2013)
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AN7ANUIULE NN AT A RN 1E NI AARY
1. msmuufsuansasa lildasin (SSA)

lalngutihwinuanawiniy 500,000 nFusalia WAL % Deacetylation

WiNrL 85 %
dl = oa’ o (P o 1
79 1 Wluweflalemuiiinuinluans wiadu 161 nFusialua

. & o e 500,000 .
satiu Talpguasdanuaulnluuasvianus ol = 3105.6 Tuluiwad
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9 % Deacetylation wansniasazlun1sindnuyerdnasen auviniudiazivg NH,

a da/ (R aio o 1 aa
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VDYAAUIINNITNAADY

- ¥ 4 ) 1 a
AN9I9KUINT Al Wﬁfﬂi“l/lﬂﬁfJ‘Ufﬂi@.ﬂ“ﬁﬂﬁWﬂl@\ilﬁﬁ)Lﬁ@ﬂW']Lllmﬁ%ﬂfuﬂ

Y v A

a A oA 1 ?a’ Y [ So' [ 9 o Bo}
FUHAVDUYDIADNHNTU UTHUNUN (NTY) wvinen (NTY) 398ATNIIAATUUN

CS
1 0.04646 0.08752 88.377
2 0.02888 0.05584 89.874
3 0.04303 0.08048 87.032
4 0.02718 0.05064 86.313
5 0.0355 0.0655 84.474
6 0.02642 0.0507 91.904
7 0.03844 0.0726 88.866
CS-0.1SSA

1 0.03076 0.05846 90.052
2 0.02785 0.05288 89.874
3 0.04862 0.09351 92.328
4 0.03506 0.06683 90.616
5 0.03424 0.06527 90.625
6 0.03142 0.05894 87.587

7 0.03170 0.05945 87.539
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A1SINNUINT AT (59)

Y v A

a A A 1 %,’ Y o Bo' [ 9 o %’
FUAVDUYDIADNHNTU UTHUNLT (NTY) wviinen (NFY) IUATNIIAATUUN

CS-0.2SSA
1 0.0301 0.05841 94.053
2 0.0371 0.0741 99.730
3 0.04015 0.07965 98.381
4 0.02811 0.05577 98.399
5 0.02492 0.04935 98.034
6 0.03343 0.06517 94.945
7 0.03118 0.0613 96.600

CS-0.4SSA
1 0.03708 0.07684 107.228
2 0.03258 0.06754 107.305
3 0.04009 0.08245 105.662
4 0.04373 0.08945 104.550
5 0.02811 0.05764 105.051
6 0.02526 0.0513 103.087
7 0.03892 0.07981 105.061

CS-0.6SSA
1 0.03003 0.0586 95.138
2 0.03536 0.0744 110.407
3 0.02653 0.05564 109.724
4 0.03252 0.06766 108.056
5 0.03754 0.05537 97.592
6 0.01936 0.03961 104.597

7 0.02953 0.06059 105.181
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Y v A

a A A 1 %,’ Y o Bo' [ 9 o %’
FUAVDUYDIADNHNTU UTHUNLT (NTY) wviinen (NFY) IUATNIIAATUUN

CS-0.8SSA
1 0.02742 0.05262 91.903
2 0.03088 0.06157 99.384
3 0.0275 0.04942 79.709
4 0.02800 0.05208 86.000
5 0.04438 0.0842 89.725
6 0.03800 0.0701 84.473
7 0.03796 0.071 87.038

CS-0.6SSA-2
1 0.01895 0.04749 150.607
2 0.02399 0.06001 150.146
3 0.02954 0.07309 147.427
4 0.02824 0.07031 148.973
5 0.01706 0.04221 147.421
6 0.01797 0.04403 145.019
7 0.01633 0.03978 143.601

CS-0.6SSA-4
1 0.02040 0.05212 155.490
2 0.02078 0.05527 165.977
3 0.01928 0.04987 158.662
4 0.0197 0.05418 175.025
5 0.01828 0.04859 165.809
6 0.02425 0.06695 176.082

7 0.01111 0.02996 169.667
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A1SINNUINT AT (59)

[} Y v A

4 ! 901 [ Bo’ [ o/ %’
%u@mm;ﬁmﬁeﬂmu UIRUNUNI (PTY) wminiden (M) %}ﬂﬂﬁzﬂﬁﬂﬂ“ﬁUMW

CS-0.6SSA-8
1 0.03586 0.10366 189.069
2 0.02873 0.08140 183.328
3 0.01987 0.05701 186.915
4 0.03496 0.10116 189.359
5 0.03255 0.09125 180.338
6 0.02876 0.08140 183.032
7 0.04039 0.11471 184.006

FRRENILAANNITANUINITREATNIAAT LN YRS CS

g o = g e 3
Uivdnden - 1midnun

4
foonzmIgadui = x100

¥ w @
WIHUALN

. 0.087:2 -0.046446

Aa Faaaznnegaduinzes CS = x100
0.04646

= 88.377 %
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MINHUING A2 AUTVUATINAVOUTBIADNAIULADZFIA

%ﬁmﬁmﬁaﬂmu Max Load  Max Load Break Elasticity Maximum Stress1 Stress2 strainl strain2 User

CS Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain

1 14.79 68.68 68.74 - 38.416 0.98 1.32 0.04 0.06 5.63

2 13.06 65.34 65.54 ---- 33.908 0.83 1.32 0.04 0.06 8.13

3 13.36 86.74 87.09 ---- 34.692 0.94 1.28 0.04 0.06 5.63

4 14.42 88.1 88.1 ---- 37.436 0.94 1.32 0.04 0.06 6.29

5 13.81 70.89 70.9 ---- 35.868 1.13 1.59 0.04 0.06 7.63

Mean 13.89 75.95 76.07 0 36.064 0.96 1.37 0.04 0.06 6.66

Std 0.72 10.67 10.69 0 1.87 0.11 0.13 0 0 1.16

8¢l
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¥UAIPDIADNMIY  Max Load

Max Load

Break

Elasticity Maximum Stress1 Stress2 strainl strain2 User
CS-0.1SSA Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain
1 5.93 20.37 20.43 ---- 15.386 1.59 2.26 0.04 0.06 11.13
2 11.51 50.93 51 - 29.89 1.36 1.89 0.04 0.06 8.79
3 8.15 49.67 4991 - 21.168 1.06 1.36 0.04 0.06 4.96
4 8.98 40.09 40.38 - 23.324 0.94 1.55 0.04 0.06 10.13
5 5.66 41.34 41.39 - 14.7 0.87 1.17 0.04 0.06 4.96
Mean 8.05 40.48 40.62 0 20.894 1.16 1.65 0.04 0.06 7.99
Std 24 12.24 12.27 0 6.237 0.3 0.43 0 0 2.89

6¢Cl



MS51WUINT A2 (7D)

¥AIWDIADNKIY  Max Load

Max Load

Break

Maximum

Elasticity Stress1 Stress2 strainl strain2 User
CS-0.2SSA Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain
1 5.02 22.54 22.62 - 13.034 1.17 1.66 0.04 0.06 8.13
2 5.06 30.63 30.84 - 13.132 1.02 1.43 0.04 0.06 6.79
3 1.62 4.92 5.06 - 4214 1.36 0 0.04 0.06 -22.71
4 3.17 13.57 13.91 - 8.232 1.17 1.66 0.04 0.06 8.13
5 3.09 15.78 16.93 - 8.036 0.87 1.28 0.04 0.06 6.79
6 3.28 16.26 16.6 e 8.526 1.02 1.43 0.04 0.06 6.79
Mean 3.54 17.28 17.66 0 9.196 1.1 1.24 0.04 0.06 2.32
Std 1.31 8.67 8.63 0 3.399 0.17 0.63 0 0 12.28

0€1
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%ﬁmﬁmﬁaﬂmu Max Load Max Load Break Elasticity Maximum Stress1 Stress2 strainl strain2 User
CS-0.4SSA Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain

1 4.83 22.97 22.98 ---- 12.544 0.94 1.36 0.04 0.06 6.96

2 1.85 10.06 12.54 - 4.802 0.72 1.06 0.04 0.06 5.63

3 4.64 20.06 20.15 - 12.054 1.09 1.59 0.04 0.06 8.29

4 4.6 33.95 34.12 - 11.956 0.68 0.91 0.04 0.06 3.79

5 4.57 20.87 21.38 - 11.858 1.02 1.47 0.04 0.06 7.46

Mean 4.1 21.58 22.23 0 10.643 0.89 1.28 0.04 0.06 6.43

Std 1.26 8.52 7.76 0 3.276 0.18 0.28 0 0 1.76

Iel



MS51WUINT A2 (7D)

%ﬁﬂlé@tﬁ@ﬂﬁhu Max Load  Max Load Break Elasticity Maximum Stress1 Stress2 strainl strain2 User

CS-0.6SSA Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain

1 2.79 13.79 13.94 ---- 7.252 0.79 1.21 0.04 0.06 6.96

2 12.08 63.97 65.65 - 31.36 0.87 1.32 0.04 0.06 7.46

3 11.81 64.54 65 - 30.674 0.75 1.21 0.04 0.06 7.63

4 8.34 51.52 51.63 - 21.658 0.94 1.4 0.04 0.06 7.63

5 11.21 68.06 68.41 - 29.106 1.13 1.59 0.04 0.06 7.63

Mean 9.25 52.38 52.93 0 24.01 0.9 1.35 0.04 0.06 7.46

Std 3.9 22.46 22.74 0 10.134 0.15 0.16 0 0 0.29

43!
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%ﬁmﬁmﬁaﬂmu Max Load Max Load Break Elasticity Maximum Stress1 Stress2 strainl strain2 User

CS-0.8SSA Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain

1 5.32 34.15 34.26 ---- 13.818 1.13 1.51 0.04 0.06 6.29

2 10.08 66.01 66.22 - 26.166 0.94 1.47 0.04 0.06 8.79

3 7.21 61.7 62.09 - 18.718 1.02 1.4 0.04 0.06 6.29

4 8 61.34 61.78 - 20.776 0.98 1.4 0.04 0.06 6.96

5 7.96 51.13 51.22 - 20.678 1.43 1.96 0.04 0.06 8.79

Mean 7.71 54.87 55.11 0 20.031 1.1 1.55 0.04 0.06 7.42

Std 1.71 12.81 12.91 0 4.442 0.2 0.24 0 0 1.28

€el
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¥AIHDIADNAIY  Max Load

Max Load

Break

Elasticity Maximum Stress1 Stress2 strainl strain2 User
CS-0.6SSA-2 Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain
1 3.36 9.9 11.04 ---- 5.488 1.56 2.22 0.04 0.06 10.96
2 6.61 32.98 32.99 -—-- 10.78 1.32 1.8 0.04 0.06 7.96
3 2.58 8.55 8.84 -—-- 4.214 1.32 1.92 0.04 0.06 9.96
4 6.07 32.71 33.08 -—-- 9.898 1.26 1.68 0.04 0.06 6.96
Mean 4.66 21.03 21.49 0 7.595 1.37 1.91 0.04 0.06 8.96
Std 1.98 13.65 13.36 0 3.231 0.13 0.23 0 0 1.83

vel
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¥AIWDIADNKIY  Max Load

Max Load Break Elasticity = Maximum Stress1 Stress2 strainl strain2 User
CS-0.6SSA-4 Stress Elong Elong Load Stress Stress Strain Strain Function
MPa MPa N MPa MPa strain strain

1 4.57 28.02 28.3 ---- 7.448 1.08 1.38 0.04 0.06 4.96

2 2.7 14.48 15.25 -—-- 4.41 1.02 1.38 0.04 0.06 5.96

3 4.45 22.87 23.06 -—-- 7.252 1.14 1.5 0.04 0.06 5.96

4 5.89 31.93 32.97 -—-- 9.604 1.14 1.5 0.04 0.06 5.96
Mean 4.4 24.33 24.9 0 7.178 1.1 1.44 0.04 0.06 5.71
Std 1.31 7.54 7.6 0 2.131 0.06 0.07 0 0 0.5

Gel
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ANSI9HUANT A3 AN T IMEUIRIE A RN NI ULARZINA

yialedon  ANUMLNBY  MAINRILNILY fufives AU
AU Bordeniiu (R) Gordonsiuy Tsaou
(L) (9)) (S) x10°
(cm) (cm’) (S/em)
cs
1 0.0233 19012.99 0.21802 5.621
2 0.0151 13990.96 0.21802 5.172
3 0.0140 11617.63 0.21802 5.527
4 0.0144 13209.03 0.21802 5.000
5 0.0110 12664.40 0.21802 3.984
6 0.0091 12475.00 0.21802 3.346
7 0.0070 9513.985 0.21802 3.375
CS-0.1SSA
1 0.0118 9444361 0.21802 5.731
2 0.0131 11299.66 0.21802 5.318
3 0.0121 11519.65 0.21802 4.818
4 0.0145 10388.78 0.21802 6.433
5 0.0170 16420.57 0.21802 4.749
6 0.0212 14832.68 0.21802 6.556

7 0.0150 13411.48 0.21802 5.130
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yialedon  ANUMLNBY  AMAINRIUNILY fufives AU
AU Bordeniiu (R) Gordonsiuy Tsaou

(L) (9)) (S) x10°

(sz) (cmz) (S/cm)
CS-0.2SSA

1 0.0130 9648.80 0.21802 6.180

2 0.0127 10440.44 0.21802 5.579

3 0.0127 9059.71 0.21802 6.430

4 0.0132 10585.44 0.21802 5.720

5 0.0131 10377.00 0.21802 5.790

6 0.0143 12190.44 0.21802 5.381

7 0.0129 10791.38 0.21802 5.483
CS-0.4SSA

1 0.0145 9527.17 0.21802 6.981

2 0.0156 9649.07 0.21802 7.416

3 0.0151 9512.16 0.21802 7.281

4 0.0131 10475.99 0.21802 5.736

5 0.0128 8201.12 0.21802 7.159

6 0.0143 9182.88 0.21802 7.143

7 0.0155 9719.22 0.21802 7315
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yialedon  ANUMLNBY  MAINRILNILY fufives AU
AU Bordeniiu (R) Gordonsiuy Tsaou
(L) (9)) (S) x10°
(sz) (cmz) (S/cm)
CS-0.6SSA
1 0.0161 9240.08 0.21802 7.992
2 0.0190 9797.44 0.21802 8.895
3 0.0192 10604.13 0.21802 8.305
4 0.0208 11048.94 0.21802 8.635
5 0.0148 9453.97 0.21802 7.181
6 0.0194 11646.63 0.21802 7.640
7 0.0183 11721.83 0.21802 7.161
CS-0.8SSA
1 0.0172 11360.44 0.21802 6.945
2 0.0209 15251.24 0.21802 6.286
3 0.0180 15411.97 0.21802 5.357
4 0.0165 11652.97 0.21802 6.495
5 0.0225 14522.39 0.21802 7.092
6 0.0213 18345.63 0.21802 5.328
7 0.0165 11957.5 0.21802 6.329
CS-0.6SSA-2
1 0.0138 1339.91 0.21802 472
2 0.0166 1504.26 0.21802 50.6
3 0.0144 1457.10 0.21802 453
4 0.0159 1896.56 0.21802 38.5
5 0.0170 1900.99 0.21802 41.0
6 0.0170 1918.44 0.21802 40.6

7 0.0171 1712.26 0.21802 45.8
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yialedon  ANUMLNBY  MAINRILNILY fufives AU
AU Bordeniiu (R) Gordonsiuy Tsaou
(L) (9)) (S) x10°
(sz) (cmz) (S/cm)

CS-0.6SSA-4

1 0.0173 851.39 0.21802 93.2

2 0.0186 826.74 0.21802 103

3 0.0183 835.34 0.21802 100

4 0.0187 779.56 0.21802 110

5 0.0193 881.33 0.21802 100

6 0.0183 912.50 0.21802 92.0

7 0.0192 820.95 0.21802 107
CS-0.8SSA-8

1 0.0134 485.052 0.21802 127

2 0.0152 513.411 0.21802 136

3 0.0171 584.063 0.21802 134

4 0.0121 352.386 0.21802 157

5 0.0166 495.270 0.21802 154

6 0.0181 529.187 0.21802 157

7 0.0200 681.546 0.21802 135
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7' (ohm.cm™) 7" (ohm.cm’) Impedance Frequency (Hz) Theta
(ohm.cm™)
19036 -592.7 19046 5955.6 -1.7833
19018 -24.56 19018 4310 -0.0739923
18903 539.11 18911 3119.2 1.6336
18908 1022.9 18936 2257.4 3.0968




AMNANTNHUINT A4 NITUNAN Z' N Z" P 0 @pavimsszinaa lugig fe

15903 -19018 Z' -19018

539.11-(-24.56) 0-(-24.56)

AU AIANUAIUNIY 110U 19012.99 L)

1 D?

1 di} ~ Y o A A 1 o j’ ~ —-
TIUNUNUUINAUDUYDLADNHIU (S) ATUIUDN qmiwumman S=

4 1 1 o 1w
TagigoiaonAiuldurIugUINa1e 1NN 0.0527 cm

9 ;4
v v (Z

A A 9 A A 1 Vo 2
NJUU NUNTUINAUDILYUDLIADDHTU (S) MN1NU 0.21802 cm

Y
LY né

@911 CS FIUANUNUUNIND 0.0233 cm 1z NAIN5U T 5R0U

0.0233
19012.99x0.21802

= 5.621x10°  S/cm

141



ANSIHUINT A5 ANANTANIAIEIALADNNILNAULATUAINITAANE Tl

ANoBA (mV)

a Lﬂ' A '
¥UAEDIABNAY
599 ATIN 2 599 3
CS 8.99 8.48 9.28
CS-0.6SSA-0 1.41 2.24 2.90
CS-0.6SSA-2 12.1 12.1 12.3
CS-0.6SSA-4 33.5 30.2 33
CS-0.6SSA-8 453 443 46.3
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Application of modified chitosan membrane for microbial fuel cell:
Roles of proton carrier site and positive charge

Penjit Srinophakun, Anusith Thanapimmetha, Sansaporn Plangsri,
Sutamart Vetchayakunchai, Maythee Salsnymt

Dsaronanr of Genical Enginsering, Facslry of Egiwsing Ko [ iy, D N

e, Jamak, Eaghk A0S0, Tha sl

ARTICLE INFOD ABSTRACT

Aurdicle hkmary: Madified chitoan membrane was synthesized 25 2 proton scchange membrane for micobid fuel cell

application. G htaraldehyde and subosucdnic acd wene used & oroslinking agents in onder to improve

Eecthed In revised am its ultimate tensile strength and proton @ndudbivity. 3-Chioro-2-hyd rocypropyd Erimesthylamimeom um
an: - chloride was employed for quatermization to dews op its antimd crobia advaty. The resulis showesd ithat
m." lmm the proton cond uctivity of the membranewas enhanosd with the o nbent of suHo sucd nic acid, 2= 2 rsult

of proton camier sies, until 3 eertain vaue was reached. The additional positive change from quatemi-
ration inoreased with the reaction time. The monphological change of miooorganisms in condact with
the surface of the quaternized chitnzn membrane exhibitsd 4 amd the sher of d d -
croorganismes increassd with the posithve charge density; nevertheless, the high positive charge density

Chilccean
Proman excha e Mmem brane :rul.iﬂ'l:m rum]ra:h:@'l antimicrobial property, but akso in significant waier uptake of the quatemized
iz Dol o 1oy ce, thestrength of the membrane was lost. Additional hy the positive
dm;:almamdﬂ:ﬁd ﬁed}ﬂmdmm at the membrane surfice, but the surfoes growih
could be retarded due to the high number of microorganismes being damaged.
& X016 Elsevier Litd. All rights neserved.
L Introdiusction the trestment of high organic content wastewater on a large scale

The demand for alternative, non-lsd Hisel-based technol ogies
a5 well a8 their researdy are being rapidly promoted, bogether with
the implementation of emvironmentally orented management
leading to decentralized options and renewable sownces especally
regarding waste-to-energy (Wang et al, 2015 As a result, mone
and more aftention has been paid o microbial feel cells as a
promising alternative energy resoure, from wihich wastewater
trestment amnd reuse along with hioenergy generation can be
asccomplished with many operational and functional sdvantages
imduding cleamner, safer and quieter performance, low emissiong
high efficiency, moderate operating temperatures and direct elec-
tricity recovery. Almost all kinds of wastewater, can be used a5 2
source of energy in 2 microbial fwel @l application, for example,
minicipa | waste Bquor (Kodk et al, 2016, swine wastewster [ Min
e al, 2005), domestic wastewster (Puig ef al, 2011) and even
aqueows Colll ) ( Hisang et al_ 201 5] The most practical application is

* Comespording e
E-mad adress fergrimeiona crh (M - Sakoripeet).

it e a1 0100 5 [ j e pina 20 05 DS 1 53
DS55.E506M0 1005 Eluevier Lul All rights maened.

due to the higher energy density of the source. One example of 2
il sesle MFC microbisl fisl cell wsng domestic wastewster || g
et al, 2011) demonstrated that up to 380 mWjn could be pro-
duced. Additionally, 24,758 kWh anmually could alo be theoneti-
cally genersted from 100,000 |'dey wastewaster (Forner ef al,
20101

A micrabial fuel cell (MFC) i a bicelectrochemical system
employing microorganisms 1o degrade substrate and generate
electricity. Generally, an MFC mnsists of anode and cathode com-
partments, which are separated by a proton exchange me mibrane
(PEM In the anode part, electrochemically sctive microonga nisms
oudize the organic andfor inorganic efffuents The eledrons
resulting from the eluar respirstory pathwas are conveyed
through an electron trander chain to the negative terminal and
Turther fhow tothe positive terminal (o el ectron Scoeplor teminal )
linked by an external circuit; meamw hile, protons diffuse through
the PEM toward the cathode compartment. The protons and elec-
trons are subsaquently consumed in 2 reduction process with -
ygen (o fwm owater. The osidation process in the anode
ocompartment and the redudion at the suface of the positive ter-
minal create s potentisl difference and & curment can be drawn out

Plexse cite this article in pres 55 SAnophalun, P. et 2l Application of modified chitsan membrane for microbisl fusl @l Roles of proton
carrier dite and positive charge, journal of Oeaner Prodwet on (2006 ), hiotp: |y doiong 101016/} jd epra 201606 153




145

b F Srinaphoken o ol { jemai of Clraney Prfarine e (J005) | -5

ither oty e berma ] o rowit.

The oper ation of 2 PEM is one of the most crucial betors in MPC
performance. Excellent transport ability to carry protons from
anode 1o cthode compartments in MFCs must be effectively pro-
vided. Momeover, FEME should ideally be able to prevent the
transfer of substrate and osxygen (Liv and Logan, 2004; Min et al,
D05, R e jad et a1, 2012)

Al present, neardy sl of the commercially svailable PEME are
based on Maflon, a long side chain perfluorsulfonic acid (PFRA)
membrane with hydrophilic sulfonic acid groups(S0aH) chemical iy
grafted onto 2 hydrophobic fluomcarbon backbone Maflon pos-
seiges not only high selectivity to protons, but alse Gvorable
chemical and physical stability (Lee ef al, 2008; Peighambandowst
el al., 20010) Monetheless Maflon is also the most expendive
component of MPCs representing around 40% of the total cost of 2
finished MFC (Patra, 2008; Rozendal e al., 2008). Consequently,
alternative commerdasl PEMs have been proposed by many
researdhers.

Hyfon, 2 shot side chain PFSA, exhibits higher proton condue-
tivity and better chemical stability than Maflon, while its internal
resitance is higher (leropoulos et al_ 2010) Zifon, a disphragm
separator, made from very fine Fironiem osdde partides (85 wid)
and the polymer polysulfne (15 wik) was sko investigated with
A acetste MEFC IS iomic redistance outperformed that of Naflon but
its high oxygen permeshility was 3 drawback (Pant et a1, 2010}
Lilbrex: CWI PN, & strodeg acid ca tion exchange membrane with gel
polyatyrene aoalinked with divinglbensens, ha slio been
emploved by many researchers (Hamisch et al, 2008 He amd
Mansteld, 20059; Rabaey et al, 2003; Sun e al, 2012) Together
with its lower cost, Ulbrex O] 7000 demonstrated satidactony
proton condwctivity and mechanial dursbility while its olmic
resistance was comparat ively high

Chitesan (C5) & cost elfective and eco-friendly  polymmer
eledralyte-based membrane from the exoskeleton of cristaceans
such x5 crabs and shrimps and from the cell walls of fung, is ex-
pected to 2 promising substitute utilized in fvel cell. It i 2 natursl
sl wi th re peating structiursl whits of 2-amine-2-de sy 1L4)-
fo-glucopyranose. It is slso among the best candidates o replace
Nafion for fuel cell application duwe to its excellent biocom patibility,
inde gradability, non-tetcity and dvemicsl snd thermal stability
(Ma and Sahai, 2003, Malmiri et al, 20032 Varshney and Gupta,
2001); nevertheles, the proton conductivity and mechanical
strength of 5 filrs are comparatively lower than thise of Maflon
This drawback presents dedsive problems and limits the use of this
material in a variety of fields. Fortunately, the backbone of C5 has
certain Renctional groups—iree amine (-NH; ) and hydroosy] (~0H)
groinps— that can provide O5 with high hdrophdicty {(Mukoma
et al., 2004; Tsai and Wang 2008)] Moreover, ithese Tumncrional
groups sllow chemical maodification to improve the properties of
chitestan membrame.

Varios chemical modifications of C5 have been performed to
improve its properties. A common modification is crosslinking to
stimiilate its mechanicsl and chemical stability n this prooess,
three dimendonal networks are formed throwgh interanmection
e vy 5 chuines: by crossdindoes | D shiti mo-ghea dam et al., 20000 Mi
et al, A05; Uragami et al, 202 ; WAt et dL.Jﬂlﬂlmﬂ
organic reaction in which a lydrogen atom on fencti onall groups of
C5 is replaced by a sulfonic acid functional group, has sko been
e st gt by iy mesaiarchwers | o ke et al, 2007, Toai et al,
2000; Xiang et al, 2009) Graft polymeni zation, 2 polymen zation of
2 momnomer initisted from radicals formed on a 5 backbone, has
been wsed b oexer new properties or functonalities, while the
themodynamic stability and phase separation remain intsct
(Do v chuakas] andl Sid khajornmam, 20003, vakemar et al, 20405,
Jiamg et al, 2002; Torres e al, 20015 Quaterniration, an

introduction of a permanent positively charged quaEemary
& o im grodapon i dissoc sted hydmosy] growpor amindg gioup
has been employed 1o increase the water solubility and anti-
microbisl adivity al 5 (Mohamed et al, 2013; Mechita et al,
2015; Sajomsang ot al, 2000 Tan e al, 2013}

I this present work, the functional ity -omented development of
chitetan 25 & PFEM for MFCs s propoeted. For this purpose, sull-
succinic scid (S5A) and 3-chlore-2-hydmsopropyl b methy-
lammaomniwm chioride (Quat- 188) were selected a5 3 re presentative
of proton carmier sites and positively durged molecules in the
membrane, regpedively. The effeas of these key parameters on the
chemical mechanical, electrical and bological properties of CS
membrane were analyzed. To the extent of our knowledge, this is
thee first time that & comprehe neve investigation of the synthess
and charscterization and identi fication of the elfects of these two
parameters on an sctual MFC operation of modifled dvitosan
membranes has been revealed.

2. Materiak and methods

Chitesan  (B5X  degres of descetylstion,  molecular
weight — S000 Da) was purchated from Seafesh Chi tosan (Lab)
Co., Lid, Thailand Sulfosuccinic acid (70 wiX aqueous sohution,
Sigma Aldrch), glutarsldehyede (25% solution, Unilsb), 3-chlods-2-
hydracypropyl  trimethylammoniem  chloride (60 solution,
Sigma Aldrich), acetic acid (VWR international |, hydrochloric acid
(37T salution, QREC Chemicsl |, jadine (Fiser Scientific], trypons
[Himedis), yeast extract (Himedial, sodivm chioride [Alpha) and
soditm hydrscide (Ajax Finecem) were analytical grade and wsed
a5 received The seed snserobic dudge was ollected from the
Upflow Anserobic Siudge Blanket (USAE) reacinr (Cho Heng Rice
Vermiceli Factory Co. Lid, Thailand) Graphite felt {carbons-99%)
was purchased from Beijing Great Wall China

2.1 Synthess of membranes

Initially, 2 wik squesus solution of 5 was prepared by dis-
sohving 2 g of C5 powder in 100 ml of 2% (viv) acetic acid solution
with a minimal quantity of hydmochilonc acid. After the C5 powder
Thad @mplately disolved, varios smonts of T5A (02, 0.4, 06 and
0.8 mal ratio by amine groups of C5) were added. After 24 h of
mixing, the solution was trested with 2 wik GA for a further 24 o
T final omogenseows mixone wis cxst on Peir dishes and dried
im the oven at 40 =T The dehiydrated membrames wene ne wiral ived
with 1 M NaOH ansd washed intensively with water until 2 newtral
pH of wash water was reached Finally, the membranes with 2
thickness of approsdmately 120140 pm were kept in deionized
water befre being wsed.

For the quate miza tion, Quat-188 solution was adiused to pHE
ki 15% (wv) MaDH solution. Then, 0.25 g of iodine per 20 mi of
Queat- 188 was added. The crosdinked C5 membrane was dipped
inito Quat-188 solutionfor 2,4 and 8 h at rom temperature. Finally,
e cpieate rmized CF membranes werewadhed rigomeshy with water
fiowr e wwtral it on

22 Clamcterzafon of modified C5 membranes

FT- IR spectra of the croslinked membranes were obbaimed wsing
thee Brusker (TENSOR 27) FT-IR spectrometer with the wave numbers
ranging from 4000 to 400 cm™"

Water uptake, i 2 swelling behavior, was determined by
meniuring the weight difference of the membrane under we t and
dry conditions The samples were dried in anoven st 65 °C for 24 h
and kept in a dehumidifie r 5t 35% RH wnder room emperature unitil
a constant weight was reached The weighed samples were then

Plesse die this artide in pres as: Srinophakun, P et sl Application of modifled chitessn membrane for microbial fuel cell: Roles of proton
carrier site and pesitive charge, Joumal of Cleaner Production (200 6), hotp:/dy_dodorg 100 016/} j clepra 200606153




146

F Srisaghoie of ol [ ol of Doy Froadarse e (200 1-5 3

soaked indeionired water fr 24 ot mom temperature. The eooes
of water on the surface of the sample was quickly removed with
filter paper, and the samples were then reweighed. This proces
was repeated several imes Finally, the water uptake ratio was
dhete rmineed wsng Bouation (1)

Ywater leahe—%xlm i
d

wisere w, and wq are the weight of wet and dried membranes,
respedively.

Mechanical properties of the fully hydrated me mbrames wene
measiired soconding o the ASTM DEE2-02, Standard Test Methad
for Tensile Properties of Thin Plastic Sheeting, using 2 Cometech
[Maodel B1) Tensile Testing Machine; the gauge length and the
criviahve ail speed were 30 mm and 5 mm imin, redpectively. The test
specimens wene ol into st ps 70 mm long and 259 mm wide.

The praton andud vity of fully Isydrate d membr ane in deionized
waler was measured wsing the two-point probe method. AC
impedane mesurements for redstance evalustion were per-
formed by AC Gill (Field Machine 871) with the lrequency range
fromm 30 kHz to 1 kKHz and amplitude of 10 mV. The prolon con-
ductivity of the sampiles was calolated wsing Eywation (2):

e )

wihere o is the proton condwctivity (5/cm); Lis the thiclness (o) of
ithe membrane; 5 is the contact area between the electrode s and the
membrane (L, the lectrode surisce area, 003143 o), and R is
ithee brulk e mibrane resistance () cal cul sted From the Ny quist plot

The zem potential of quaternized OS5 membrane was mexsiuned
using a Tetasirer (Malvern, Nano-Z590) at 25 °C with a scattering
angle of 1737,

Sranning Hedron Microscopy (SEM; JEOL, [SM-54 100V) was whed
o examine the morphology of microorganisms on the quatemized
5 memibra nes after incubation for 72 h

23 MFC @astnidian, opemalian and analss

A bateh mode of 2 dusl chamber MFC was used s shown in
Fig 1. The MFC setup consisted of two 600 ml chambers joined

through a shom tube and separsted by 2 membrane A maodified
chitosan membrane was applied a5 the proton esche ige me mibeane
(26 mm diameter ) separating the two compartments. Anode amnd
cathode electrodes were made of graphite felt (50 « 50 = 30 mm)
These twao el ectrodes wene conme cted by a copper wire throwgh an
analog-to-digital mnverter and the anode chamber was mixed
pently wsing 4 magnetic stimer.

The electrode spacing between the anode and cathode was
T0mm, and seed anserobic dudge fundioned 25 microorganisms
{18 g/600 mi of cultural mediem) in the anode chamber.

The amodic/cultural medum contsined 10 g/l tryptone, 5 g
yexst extract and 10 gfl MaCl at pH 7. The medi um was purgsdwith
nitrogen for 30 min before the operation took place. The MFC was
operated at 30 5C The air flow rate into the cathode du mber was
1.5 1 vy eliarineg oeer Stion.

The Open Circuit Voltage (DCV) of the MFC was monitored
through 2 24-bit analeg-to-digital converier (Futek [¥Q-1411,
+125 V voltage range) with 2 sampling rate of 334 mHz Intermal
resistance was charscterized Sing electrochemistry impedance
spectromeier (E5) methods [He and Mansleld, 2009). Scanning
wis performedafer the cell had been ope rating wnder ofen-circut
comnditions for 72 he The impedance mexsumement was taken from
30 Kz to 001 He by applying a sine wave with an amplitude of
1 m-

3. Results and d Scussion

The dissolved chibbsan in acetic acid solution was intially
croaslinked with S5A st various ratios followed by 2 constant ratio
of GA. A crosdinked membrane with optimal proon conductivity
and mechanical properties was then quaternized with Quat-188.

11 Croessbinking characterimbon and in effects an membrane
prroprerties

The FTHR spectra of the C5 and crosdinked C5 membranes are
presented in Fig. 2. The ressltsnt crosslinked membranes are
designated x5 3554 where ¥ i the male ratio of S5A by amine
Sroags.

In the case of the chitosan-based structure (C5), the IR band at
approsimatsly 1559 cm™ comesponded to N-H deformation of

Temp.

Al
SEEH R

= |

WmHE |

HaOH iHs) | ¥y
20 mes
¥

ﬂ |

—

i

T

Fig 1 Dual chamber mbomdial o] ool med Itk work.
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interaction between S5A and C5, x5 shown in Fiz 3(c) and (e],
feasibly ocourred Furthermore, a peak at 1559 cm~' became
apparent, suggesting that the NHT of C5 might inberact with ionic
groups of S5A x5 shown in Fig. 3(b)L

311 Proton conductivity and waler uplake

Proton condisctivity of the membrane plos an important mole in
the perfyrmance of MFCs in terms of the operational fuel cell
voltage and curment output. The proton transier scmds the mem-
brames might originste from two mechanisms The first is the
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primary amine groups and the band st 1652 an™' could be
asmigned to O stretching inami de groups [ Wang of 1, 204 ) The
band at 1255 em™ reprecented the C-H of 0H3 growps from the
acetamide group, indicating that (5 was ol completely deacety-
lated (Dwshtimoghadam et al, 2000) Ater crosdinking with 554
and GA, the spectral band of crosslinked membranes st 1153 an~"
amnd related b0 =5 =0 became mone apparent when the content of
SEA incrested (Mesnakshi of al, 2012 ; Staart, 2004)

Compared with pesible structural scheme fbr the croslinking
with GA or 554 interactions previously studied (Do shiti moghadam
et al, 2000; Witt et al, 20010, the significant band at 1652 an—"
shifting to 1640 cmi™ " probably conssted of both the imine (C=N)
stre tehing band of Schifl™ 5 base from GA, a3 shinwn in Fig 3(a), and
amide 1 from the interaction berween the NHz of the 05 amd
catbonyd groups of S85A. ax shown in Fig. 3(d) (Pierdg and
Ostrowskas-Crubsenko, 20000 With increasing amounts of 554,
that pesk became more evident This can e
deseribed from Dwo xipects Fird, the interaction between the S5A
and C5 had no influence on the nimber of potential amine growps
o himd with GA (more bonds with 554, constant bomds with GA).
Second, this intersction generated the opposite resull on the
possibile number of bonds of GA (more bonds with 554, lewer
Ieivmchs wwith GAL but thee rate of incre ase in S5A bonds was still more
than that of the decrexse in the number of GA bonds Moreover,
there was alio a peak at 1411 emi~" relsted to the C-0-H in car-
boxylic groups (Silverstein et al., 2005) implying that the
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Fig-3 Fossibie sorecoee s solvns G Se oooalinding wikhCA (2] or 554 (B, C dand ¢
e i

Gorotthies me dua nism, whenein protons are passed from one proton
carrier site—namely, ~-MH;, -NH{ or -504H, which has abilities of
disodating H™ and frming 2 hydrogen bond—to 2 neighboring
one. The secomd & the vehicle mechanism, wherein protons
combine with water malecules 1o produe hydroniem jons, e
exampile, HyD™, HeOT, and HolH ). ebc . migrating throwgh a stream
of water. The proton conductivity of croslinked 5 membranes
with different mole ratics of 554 is shown in Fig 4. The proton
comdwctivity was enhanced with the amount of S5A 25 2 result of
SOyH groipd inducing more water wptake [the vehice mechanism)
and scting a5 conduwcting sites for proton transfer (the Grotthus
mechanism); nevertheless, the maximum proton conductivity of
US54 mS/em was limited at 06 mol ratio of 554 Above that
dosage. the proton conductivity declined From this behavior, it can
be asumed that the S03H group might be invalved in the cros-
linkireg (Fie 3L () amd 3e)) and could sloo lesd to restrction of
thee comclieti on chanmels owing to over crosstinking.

The amount of water uptake of the membranes is displayed in
Fig 4. The water uptake oontinwowshy incre ssed with the content of
S5A up to 06 mal ratio due the hydrophilic behsvior of the S0H
groups which had a strong affinity towand water molecules;
nevertheles, the existence of the 50;H groups not only enhanced
this physical property, but croslinking of C5 took part in the me-
chanical prope ries of the wibole membranes 2 well By incre asng
the 554 content up 1o 0.8 mol ratio, the crosdinking of the mem-
brame was incressed, leading o a2 mone compact structune of the
membrane, resulting in less acommodation of HaD molecules;
subese quenitly the waiter uptake was redued.

312, Mechanical properties

The mechanicsl properties of the membranes ane presented in
Talde 1. Up to an 554 mole ratio of 032, the tensie strength of the
membranes was reduced by the introduction of the S5A because
the S03H growps of the 554 made the membrane mone hydrophi lic;
nevertheles, il mone S5A was spplied, the tensile strength of the
membranes was dominated by the effect of intermalecular fores
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Mhechanical peparties of C5 and docdinked OF mem
Mhode raths of 554 Teraie swengsh (MPa) Eleation (X) Young's madules (MPa )
o W57+ D55 T4 4 455 517 + 076
ol GEZ 3 140 4370 1 531 TAS 1006
0z 2504 009 1530 3 143 BET 3+ 0E1
04 2333 048 21.30 3 150 419 3036
0E G704 030 GO0 5 T35 427 2001
0E 655 043 5506 3 GO0 3459 3037
Al waloes ecpeessed & mean + 50 (0= 5)
frm crosslinking rather than the hydmophilic behador of the sul- Taksde 2
fomic groups, leading to 2 rise in the tensile strength in the regime A0 perenil] of 05 Jnd quaermined C5. membeanes.
between 02 and 006 mol ratios of 554 Above that regime, the Type of memivan: Zexa poaeniial | mV)
tengile stremgth fell again, impying that developed interactions = Eezanar
Ivistie e thee O5 and S5A (Fie 7 ) might not be random in mannes. In P I s0TE
other words, at 2 L8 mol ratio of 554, interaction of the type shwown CLOETHAT HIZIT s
inFig 3L (c) of 3(e) was gene rated in greater proportion, in which CE-OESA-4 +3113 3 LW
here are wea ket inte rmalecular inte ractions compared with Uhise ERCER S Hs30 1.0
in Fig 3(d) Al o evpressed a5 mesan 4 30 (n= 3
The results of croslinking the C5 membrane indicated that the
highest proton conductivity and wltimate tensile strength
(00554 mSjon and G608 MPa respectively) were obisined 0 o et st r 12
simultane oty with a 006 mol ratio of sulfossccinie scid. Thus, the 180 | —+— Protun ccadusiivity §
06 il ratio was taken to the lollowing qusternization sep. - 100 L0
& b -
140 I 08 =
32 Quoernizmbion and its effeds on metrbrane fropert e 4 b :E
E 120 4 0.6
The zeta potentials, which represent the suface charge densty o 100 4 2
of the quate mized C5 membrane (Fig. 5) ofiginated from Quat-188 ; 04 E
for readtion times 0,2, 4 and 8 h, are shiwn in Tabie 2. From the B E
resulls, the peta potential values i ncreased with the resction time o 0 4 F UJE
giaber nization— a fact which could be scoounted for by the grester @ 00
asddition of a positive charge from Quat- 188, Furthermore, the - U
higher positive durge promoted more water 1o be adsorbed inside “ﬂlﬂ".ul-"“u&"mgl‘“
the membrame
Types of membranes

321 Protan canductvity and water uptaks

The madsility of the proton isdecisively dependent on the water
content (degree of hydration) of the membrane because the
transpartation of the probon arkses ingide the water chanmels lined
with proton carrier sites in the backbone of the polymer. With the
crosdinking with 554, sulfonate counter-ions (-505) are respon-
sibile for the proton transfer by the Grotthus mechanism in which
the dissocistion and formation of mobile protons are mandston.
This mechanism rnecess tites the existence of water behaving a5 2
=proton sohvent™ [Ealog e al, 2010). Furthermore, the water itsell
functions 45 a vehicle 1o iransport hdmoniem ions (vehicle mech-
anism) In the quaternization with Quat-188, the quatermary
ammaoniwm group ks the ability to be a proton camier site;
mevertheles, this pesitively charged group sugments the water
pitake sibeta piisily

The proton conductivity of the quaternized C5 membrane a5 a
Tumction of quatern izing time is presented in Fig. 6. Incress ng the
dpiuatermiring time resulted in incesed proton conductivity. The 5

B ol

A 5 Quarersiasion of C5 memiwans wsing (- 185,

Ag 5. W mpa e and prows contectvity of quasnsind Myt & 3 BT
o (JAT SR e

memibrane quaternized for §h had the highest proton conductivity
(09919 mS/cm ) Although the protn conductivity of the chitotan
membrane can be increased substantially throdgh o bemi zation,
the i ghve st vahoe was still less than that of Maflon which hasvalees
of 53, 58 and & m5/em for Nafion 112 115 and 117, respectively
[Soboleva at al, 2008). Additionally, the water uptake alio has 2
detrimental effect on the mechanical properties of the membrane.
Therefore, the halance between both properties is aitical

322 Mecharical

The impad of the high water uptake on medunical properties
Iy e anes of gusber nizati onis shown in Table 3. The wltim.ate tendile
strength dectamed with incrusing resction time indicating that
the more positive the charge density, the weaker the mechanical
properties that are unavoidably obtained. Moreover, the quater-
nized C5 membrane from 2 reaction time of 8 b oould not be pre-
pared for mechanical testing due toits fragilit: The ultimate tensile
strength from a reaction time of 4 h was 262 MPa which was also
lower than that of Naflon 112 (191 MPa, Liu et sl 2003 |, Nafion 115
(158 Mpa, Shaoet a1, 2006) and Maflon 117 {17 MPa, Li et al, 2015,
st thiis membr ane was strong enough for its sk, therefore it was
employed for further investigation
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Tabde 3

Mechanical propersesof C5 and quaernbed €5 membanes.
Type of membane Tesaile swengh (MRa) Elongation (X) ¥oung's Modules (MPa)
s 1057 +0.55 7544 2955 5.174 076
CS-0E55A-0 674030 6001 +7.5 427: 011
CS-0655A-2 3544027 3123427 4524 091
CSOE55A-4 22+ 029 2761 1454 2974012
CS-0655A-2 oja nla wja

Al valoes expremed & mean +5D(n = 5)

3.23. Microarganism morphaology

Biofouling is the biggest challenge in the development of a
proton exchange membrane for MFGS. It arises on the anode side of
the membrane surface by the formation of biofilm due to micro-
organisms and organic substrate. This biofilm deteriorates mem-
brane performance and durability (Chaoi et al, 2011, Xu et al, 2012)
Several methods have been proposed to 2void this cirasmstance. In
the anti-adhesion approach, the membrane is chemically modified
to prevent cellular adhesion and substrate adsorption (Sun et al,
2012; Tang et al., 2015, 2013). In the antimicrobial approach, the
membrane is modified to kill or disrupt bacteria adhering to the
membrane (Madaeni et al, 2011; Rusen ef al, 2014; Zhang et al,
2012)

Antimicrobial activity is also one of the advantageous properties
of CS since it enhances the use of MRCs in terms of its usable life-
time; nevertheless CS exhibits antimicrabial activity only in an
acidic medium, a feature which is ascribed to the poor solubility of
CS above its pKa (pH 65). Quaternization of the amino groups with
Quat- 188 introduces permanently positively charged quatemary
ammonium groups to the backbone of CS and has been recognized

as a potential route to improve the antimicrobial activity of PEMs
over abroader pH range (Vallapa et al, 2011 Wiarachai et al 2012).

Several mechanisms of antimicrobial activity of CS have been
proposed; nonetheless the exact mechanism is still uncertain
(Raalatetal, 2008; Rabea et al, 2003). It has been suggested that
the positive charge of CS molecdes allows interactions with
negatively charged microbial cell membranes giving rise to the
leakage of proteinaceous and other intracellular components
(Helanderetal , 2001; Liuv et al, 2004).

The damaging impad on microor ganisms by the quaternized CS
membranes is related to the zeta potential (Table 2) of the mem-
branes The morphology of those microorganisms determined by
SEM exhibits morphological change of those microorganisms in
contact with the surface of the CS and quatemized CS membranes
after 72 hof incubation. As shown in Fig. Ta), the morphaology of
some cells on the CS membrane (CS) was deformed, while the
crosdinked CS membrane (CS-0.655A-0) exhibited lower antimi-
crobial action (Fig Ab)) due to the positive charge (NH7) being
depleted by crosslinking reaction. Fig. 7(¢) and (d) display the
damage inflicted on microorganisms on the quatemized CS

Fig 7 SEM mdcmgrapda of (2) chimsan, (b CS-Q5A-Q (¢) GOESA-2and (@) CS-QESA-4 menbranes.

Please g this artide in press as: Srinophalun, P_ et al, Application of modified chitosan me mbrane for microbial fuel cell: Roles of proton
carrier site and pasitive charge, Joumnal of Cleaner Production (2016), hitp:f/dx doiorgf 101 016/j jclepra201606.153
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membranes [C5-0655A-2 and (5-006S5A-4, respectively] Some
cells were apparently broken and deformed from their original
shape, especially those of the C5-00655A-4 membrane.

It is worth noting that incressed membrane surface positive
charges led to an increased number of microorgand sms a ttaching i
the surface of the membrame beciuse the positive duarges at the
membrane surfsoe pull the negative charges in the microbdial cell
membr ame close bo them, henoe the adhesion of microorganisms at
the e ane Surls ce i aove lerated with quatermized membranes;
mevertheles, peeling off the microorganisms from the quastenmd ed
membrane, compared with that from the wnguabenized omne,
shiould be fister becase 2 higher numbser of miooorganisms are
damaged In the same way, Gottenbos et al (2001 ) found that the
bacteria adhered rapidly to the podtively charged suface of their
vt Tl mrvennbor e, bast there was no subsequent surfsce growth
As a result, membrane fouling can be prolonged or even prevented.
This soenario shiould be tiken into conside ration

1.1 Performance of microbial fuel el

The highest voltage generated in an MPC s the open cincut
valtage (O0V L An evolution in the DOV was olserved and reconded
inFig B with an initial DOV generation of 189 and 219 mV by the
MRS with £S5 and O5- 065 5A-4 me mibrame s, fespectivel

The lag phase of both MACs was slmost identical, taking arownd
3 hIn this period, adaptation of microorganism cells toexploit new
environmental conditions toak place; the cells did ot divide This
process muld embrae repair of macromolecular damage sccu-
mulsted during the period of non-growth, synthesis of cellular
components required for growth, colonizing the electrode and
manulscturing enrymes of structures necessary for electnns
tranderring outsde the cell. Once everything had settled, the cells

enbered exponential grow th (o log phase ) in wihich e mmber of
cells, or “living electron generators”, increxed twolbld with each
consecutive time period, thereby resulting in an exponential jump
i the OCV. A stationary phase srose when the growth rate and
dexsth rate were equal leading to 2 constant number of *lving
el et gemera tors™ and, 25 8 result, & constant OCV. In this phase,
an OOV of around 790 my was recorded for both MPG. The OOV
should be eqisl i the maimum possble potentisl (E ) which i
thearetically in the arder of 11 V (Logan et al, 2006); nevertheles,
the measured 00 waas lower dive 0o varous peobendial lodse s insde
ithe MFC. Thee performance of amy MPC depends on & comibyd nation of
the v intermal nes stance oo sting ol the olmic res st ance
(R resistance to electron transport within the cell components
(electrdes and inte ronmections) and resistance o proton transkr
through PEM (or membrane resistance represented in terms of
membrane conductivity) and anodic and cathodic sledralytes,
charge-transler resistance () the sctivation emergy barrier for
electrons trander st eledrodes and diffusion resistane (Ry):
voltage polarization due to dow diffusion in electrolytes and
intrinsic maximum posible pobental (Esy) due to the chemical
il biological readions st the anode and cathode, 55 dwown in
Fig 9.

The power output of an MFC depends on many parameters,
namely, the resctor configura tion and electrode materal the sub-
strate and the operating conditions Swch as the temper atune and pH
(Ayyare and Dharmalingam, 2011, Hoeang et al, 2015;
M abverdi ravar ma i and Sangestha, 201 3) All these paraiete S afe
summed and represented x5 the intemal redictance which is the
mist important factor that determines the performance of MRCs.

The power output of an MFC can be caleulated from V2, Res
wilvere Ve i5 the viol tage mes sure d using 2 voltmeter and Res is the
external resistor connected to the MFC The maximum power
outpi is obtaimed wisen the resistance of R, & equal to the in-
beral  pes e m_-#,ﬂq Hcﬂqﬂc‘,qu 13,‘,# 1RM-]:
therefore the smallest intermal resistance is prefemed to improve
the MFCs effidency

The ohmic rediitance, predominaied by resstane o prolon
trandfer through PEM, is a key performance driver of fwel cells This
phenomenon was characterized sing the EIS method after 72 h
operstion (in the sationary phase of the culture) 55 shiwn in
Fig 10.

Enhancement of membrane onductivity around 74X from
erosslinking and around 1693% through quaternization (4 i) was
found in the setting up of proton conductivity measurement in
dhesonvi 2ol weaber. I actisal oqeera tiomn, decreasing the R ., was ol as
minch x5 was expected The Ry, of the oell equipped with un-
maodified C5 membrane was approximately 190 0, wheress that
with the C5-0U655A~4 membrane was roughly 1580 This circoum-
stance emerged from the slow movement of ions between elec-
trodes becae of the high electralyte redaane o the cultural
medium  (rather than the structurally improved PEM)
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Fig. 9. Expaivabisnt cirodic of 3. meiorodilal fesl cell

Plexse cite this article in pres 55 56 nophalun, P_dﬂ_mﬂ:ﬂbnn!unﬁddﬂhmmﬂmlruhﬂﬂlﬂdtﬂudm
carrier dite and positive charge, journal of Oeaner Prodwet on (2006 ), hiotp: |y doiong 101016/} jd epra 201606 153
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predominsted the overall olmic resisame, hence the olmic
resistance of the MFC was not decressed a5 much a5 expected.
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4. Conchesioms

Thee muodiifbed chitotan membrane wis suoeeslully synthesized
It served a5 & cost-effective aliernative to a commercial proton
exchange memibrane. The positive charge was the key to increasing
thee provtion comductivity of the chitosan membrane, rather than the
proton carier ste Additonally, heding 2 high degree of water
uptake was mandastory bo increase proton comductivity, but this
oormence conaurrently impacted on the dimensional and me-
chamical stabilities To maintsin the medunicsl properties while
Steppdng wp toa higher degres of positive charge, the deomupling of
both parameters is requisite. The positive dharge acoslerated the
adiesion of microorganisms at the membrane surfsce; neverthe-
less, the charge also had damaging impact of Ml cHoongandsms.
Consequently, membrane fouling muld be delayed. In-depth eval-
wation of the antimicrobial sctivity was beyond the origina scope
of this work; nonetheles, further i nvestigations are essential.

The strucurasl modification had a strong effect on the proton
conductivity, mechanicl properties and antimicrobial sctivity;
mevertisel e, in sctual MFC operation, & high electrolyte resistance
im the cultural medivm sl govermed the overall olumic resistance
The high cost of investment in a high proton conductive PEM sudh
a5 Mafion i not necessary from this xpect. The implementation of
an MFC on an industrial scale is advantaged by this result
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