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A P P E N D I C E S

Appendix A Characterization of organically modified MMT

After modification of Na-MMT, sodium ions in the galleries of MMT were 
replaced by the quarternary ammonium ions of octadecylammine, a modifying agent, and the 
organically modified MMT (OC-MMT) was characterized by using FT-1R, XRD, and TGA.

FT1R
FTIR could be used for verifying the incorporation of a modifying agent into 

the galleries of MMT. Figure A1 showed the FT-IR spectra of a modifying agent, Na-MMT, 
and the organically modified MMT.

Figure A1 FTIR spectra of Na-MMT, o c ,  and OC-MMT.

As shown in Figure Al, octadecylamine (OC) showed the important absorption 
peaks of N-H stretching, C-H stretching of methyl and methylene group at 3300, 2950, 2850 
and 1430 cm'1, respectively. For the organically modified MMT obtained, the FT-IR spectra 
showed the combination between the characteristic peaks of inorganic Na-MMT and 
octadecylamine.

XRD
Besides FT-IR, XRD also provided strong evidence for the incorporation of 

a modifying agent into the MMT structure as well. The XRD analysis of Na-MMT and the 
organically modified MMT prepared using octadecylamine as a modifying agent were shown
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in Figure A2. There was some little amount of Na-MMT or the retraction of MMT remaining
in the modified OC-MMT as seen by the small peak at 2 Theta = 7.9 degrees.

Figure A2 XRD patterns of Na-MMT, and OC-MMT.

From Figure A2, the peak position below 10-degree of 2 Theta of OC-MMT was 
shifted to lower degree relative to that of Na-MMT, suggesting that the spaces between the 
silicate layers were significantly expanded. This is due to the incorporation of a modifying 
agent into the galleries of MMT. The basal spacing calculated from the peak position of 2 
Theta (degree) was listed in Table Al.

Table Al The basal spacing of Na-MMT, and OC-MMT.

MMT Basal spacing (Â)
Na-MMT 12.41
OC-MMT 26.12

The results from XRD revealed that the basal spacing of Na-MMT obtained from 
this work was 12.41 Â (7.12 degree) which was slightly different from Thaijaroen (2000), 
12.13 Â. After modifying with octadecylamine, the basal spacing of OC-MMT was to be 
26.12 Â (3.38 degree); however, there were some remained Na-MMT whose basal spacing of 
silicate layer retracted to 11.44 Â (7.72 degree) which was closed to that reported by 
Giannelis et al. (1996), 11.40 Â. The higher degree of basal spacing expansion generally
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results in the higher opportunity of polymer intercalation, leading to the more possibility of 
layered-silicate deamination in polymer matrix.

TGA
The incorporation of a modifying agent into the galleries of MMT was also 

determined by using Thermogravemetric analysis. TGA curves of a modifying agent, Na- 
MMT and the organically modified MMT under N2 atmosphere up to 800°c were shown in 
Figure A3.

Figure A3 TGA curves of o c ,  Na-MMT, and OC-MMT.

As shown in Figure 4.3, the degradation temperature (Td) obtained by derivative of o c  was 
observed at about 180°c while that of Na-MMT was about 630°c. For OC-MMT, the obvious 
degradation temperature was around 373°c. This could confirm the improvement in thermal stability 
of a modifying agent incorporated in the galleries of MMT structure
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Table B1 Response time to C02 at room temperature for all of the sensor samples at 
various thicknesss.

A p p e n d ix  B  R e s p o n s e  t im e  to  C 0 2, C H 4 a n d  C 2H 4 a t  r o o m  t e m p e r a tu r e  fo r  a ll o f  th e  s e n s o r
s a m p le s

Samples
Response time (sec)

Thickness (mm)
0.5 0.8 1.0

PPy 100 130 140
PPyCl 90 110 120
PPyC3 90 120 130
PPyC6 90 100 150
PPyC9 100 120 140

DPPyC3 100 110 140
nDPPyC3 100 - -

Table B2 Response time to CH4 at room temperature for all of the sensor samples at 
various thickness.

Samples
Response time (sec)

Thickness (mm)
0.5 0.8 1.0

PPy 90 120 150
PPyCl 80 90 130
PPyC3 80 90 150
PPyC6 80 90 150
PPyC9 80 100 130

DPPyC3 70 90 110
nDPPyC3 100 - -
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Table B3 Response time to C2H4 at room temperature for all of the sensor samples at 
various thickness.

Samples
Response time (sec)

Thickness (mm)
0.5 0.8 1.0

PPy 90 100 120
PPyCl 80 90 100
PPyC3 70 80 90
PPyC6 60 100 120
PPyC9 60 110 120

DPPyC3 60 70 100
nDPPyC3 100 - -

Table B4 Response time to C02, CH4 and C2H4 at room temperature for DPPyC3 and 
nDPPyC3 nanocomposites at 0.5 mm thickness.

Gas

Response time (sec)
Sample

DPPyC3 nDPPyC3
c o 2 100 100
c h 4 70 100

c 2h 4 60 100
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Table Cl Resistance (at response time) to C02 at room temperature for all of the sensor 
samples at various thickness.

A p p e n d ix  c R e s is ta n c e  (a t  r e sp o n se  t im e )  to  C 0 2, CH4 a n d  C2H4 a t  r o o m  t e m p e r a tu r e  fo r  a ll  o f
th e  s e n s o r  s a m p le s

Samples
Resistance at response time (ohm)

Thickness (mm)
0.5 0.8 1.0

PPy 864.4447 868.4182 873.2439
PPyCl 861.4935 862.7536 869.7698
PPyC3 859.3798 859.9213 872.5571
PPyC6 858.0245 858.8286 860.1769
PPyC9 856.5727 856.8342 859.2717

DPPyC3 856.4644 858.1210 860.2910
nDPPyC3 866.0341 - -

Table C2 Resistance (at response time) to CH4 at room temperature for all of the sensor 
samples at various thickness.

Samples
Resistance at response time (ohm)

Thickness (mm)
0.5 0.8 1.0

PPy 856.1057 857.4935 858.8262
PPyCl 855.9977 856.0584 861.7226
PPyC3 855.9390 856.7513 857.4413
PPyC6 856.2163 857.8184 859.8155
PPyC9 855.9978 856.2273 858.7044

DPPyC3 856.2974 857.1940 862.9388
nDPPyC3 863.8109 - -
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T a b le  C3 Resistance (at response time) to C2H4 at room temperature for all of the sensor
samples at various thickness.

Samples
Resistance at response time (ohm)

Thickness (mm)
0.5 0.8 1.0

PPy 868.8566 870.6551 876.9973
PPyCl 866.7790 869.8274 877.4439
PPyC3 866.8763 867.8382 886.6585
PPyC6 866.3393 872.1294 879.2001
PPyC9 861.9167 865.1900 869.2880

DPPyC3 867.6798 869.1928 877.9462
nDPPyC3 862.4135 - -

Table C4 Resistance (at response time) to C02, CH4 and C2H4 at room temperature for 
DPPyC3 and nDPPyC3 nanocomposite sensors at 0.5 mm thickness.

Gas

Resistance (ohm)
Sample

DPPyC3 nDPPyC3
C02 856.4644 866.0341
c h 4 856.2974 863.8109

c 2h 4 867.6798 862.4135
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Table D1 Response time to C02:CH4 at room temperature for all of the sensor samples at 
various ratio of gases.

A p p e n d ix  D  R e s p o n s e  t im e  to  m ix e d  g a s e s  C 0 2:C H 4 a n d  C 0 2:C 2H 4 a t  r o o m  t e m p e r a tu r e  fo r  a ll
o f  t h e  s e n s o r  s a m p le s

Samples
Response time (sec)

Ratio of gas
1:1 1:2 1:3

PPy 60 60 80
PPyCl 60 60 70
PPyC3 60 60 40
PPyC6 60 70 50
PPyC9 60 70 60

DPPyC3 50 70 40
nDPPyC3 60 70 70

Table D2 Response time to C02:C2H4 at room temperature for all of the sensor samples at 
various ratio of gases.

Samples
Response time (sec)

Ratio of gas
1:1 1:2 1:3

PPy 70 90 60
PPyCl 100 90 90
PPyC3 60 90 90
PPyC6 90 80 90
PPyC9 80 80 60

DPPyC3 80 70 60
nDPPyC3 90 80 80
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Table El Resistance (at response time) to C02:CH4 at room temperature for all of the 
sensor samples at various ratio of gases.

Appendix E Resistance (at response time) to the mixed gases C 02:CH4 and C 02:C2H4 at room
temperature for all of the sensor samples

Samples
Resistance (ohm)

Ratio of gas
1:1 1:2 1:3

PPy 857.7367 871.8548 877.2915
PPyCl 860.7707 872.6221 874.8788
PPyC3 863.3079 871.8249 876.7907
PPyC6 865.9308 872.4253 876.9215
PPyC9 865.3329 874.3874 876.6980

DPPyC3 868.0375 870.8457 877.0383
nDPPyC3 867.6148 874.9236 875.9078

Table E2 Resistance (at response time) to C02:C2H4 at room temperature for all of the 
sensor samples at various ratio of gases.

Samples
Resistance (ohm)

Ratio of gas
1:1 1:2 1:3

PPy 856.1750 873.0986 875.2983
PPyCl 858.3315 872.9095 873.5396
PPyC3 864.5911 874.0054 876.0309
PPyC6 866.6203 874.1402 876.8197
PPyC9 870.5780 872.0120 876.3817

DPPyC3 873.1713 878.4388 871.9793
nDPPyC3 872.0343 877.6899 871.2575
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Appendix F Calculation of Cross sensitivity (%) at room temperature for all of the 
samples sensor to C 0 2:CH4 and C 0 2:C2แ 4

Table FI Resistance to C02 (0.1 bar) and the mixture of C02 and CH4 at room temperature 
for all of the sensor samples.

Sample Resistance (ohm)
Rc02 R c 02:CH4 R c 02:2CH4 R c 02:3CH4

PPy 864.4447 857.7367 871.8548 877.2915
PPyCl 861.4935 860.7707 872.6221 874.8788
PPyC3 859.3798 863.3079 871.8249 876.7907
PPyC6 858.0245 865.9308 872.4235 876.9215
PPyC9 856.5727 865.3329 874.3874 876.6980

DPPyC3 856.4644 868.0375 870.8457 877.0383
nDPPyC3 866.0341 867.6148 874.9236 875.9078

Table F2 Resistance to CH4 at room temperature for all of the sensor samples at various gas 
pressures.

Samples
Resistance at response time (ohm)

Pressure (bars)
0.1 0.2 0.3

PPy 856.1057 857.4935 858.8262
PPyCl 855.9977 857.0584 858.7226
PPyC3 855.9390 856.7513 857.4413
PPyC6 856.2163 857.8184 859.8155
PPyC9 855.9978 856.2273 857.2044

DPPyC3 856.2974 857.1940 858.9388
nDPPyC3 863.8109 864.3329 865.7936
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Calculation for Cross sensitivity (%)
C02:CH4 (1:1)
PPy

R c 02+CH4 =

R-C02 =

R-CH4 =
Cross sensitivity to C02 =

Cross sensitivity to CH4 =

Similar calculation was used for all
mixtures.

857.7367 ohm
864.4447 ohm
856.1057 ohm
857.7367/864.4447 
0.9922 
99.22 %
857.7367/856.1057
1.0019
100.19 %
the samples and for all the ratios of gas

Table F3 Resistance to C 02 (0.1 bar) and the mixture of C 02 and C2H4 
at room temperature for all of the sensor samples.

Sample Resistance (ohm)
R c 02 R c 02:C2H4 R c 02:2C2H4 R c 02:3C2H 4

PPy 864.4447 856.1750 873.0986 875.2983
PPyCl 861.4935 858.3315 872.9095 873.5396
PPyC3 859.3798 864.5911 874.0054 876.0309
PPyC6 858.0245 866.6203 874.1402 876.8197
PPyC9 856.5727 870.5780 872.0120 876.3817

DPPyC3 856.4644 873.1713 878.4388 871.9793
nDPPyC3 866.0341 872.0343 877.6899 871.2575
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Table F4 Resistance to C2H4 at room temperature for all of the sensor samples at various 
gas pressures.

Samples
Resistance at response time (ohm)

Pressure (bars)
0.1 0.2 0.3

PPy 868.8566 870.6551 872.9973
PPyCl 866.7790 869.8274 872.4439
PPyC3 866.8763 867.8382 869.6585
PPyC6 866.3393 870.1294 874.2001
PPyC9 861.9167 865.1900 869.2880

DPPyC3 867.6798 869.0700 871.9462
nDPPyC3 862.4135 864.0021 865.9852

Calculation for Cross sensitivity (%)
C02:C2H4 (1:1) 
PPy

R c 0 2 + C 2 H 4  = 856.1750 ohm
R-C02 = 864.4447 ohm
F-C2H4 = 868.8566 ohm
Cross sensitivity to C02 = 856.1750/864.4447

= 0.9904
= 99.04 %

Cross sensitivity to C2H4 856.1750/868.8566
= 0.9854
= 98.54 %

Similar calculation was used for all the samples and for all the ratios of gas
mixtures.
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Appendix G Raw data of resistance vs. time obtained from the electrometer

Time (sec)

Figure G1 Resistance vs. time under C02 for PPy of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.

Time (sec)

F i g u r e  G2 Resistance vs. time under C02 for PPyCl of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.
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0 50 100 150 200 250 300

Time (sec)

(c)

Figure G3 Resistance vs. time under C02 for PPyC3 of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.

(a)

F i g u r e  G 4  Resistance vs. time under C02 for PPyC6 of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.
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(b)

(c)

Figure G5 Resistance vs. time under C02 for PPyC9 of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.

(a) (b)

(c)

F i g u r e  G6 Resistance vs. time under C02 for DPPyC3 of (a) 0.5, (b) 0.8 and (c) 1.0mm
thick.
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(a) (b)

0 50 100 150 200 250 300

Time (sec)

Figure G7 Resistance vs. time under CH4 for PPy of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.

(c)

F i g u r e  G8 Resistance vs. time under CH4 for PPyCl of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.
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Figure G9 Resistance vs. time under CH4 for PPyC3 of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.

Figure G10 Resistance vs. time under CH4 for PPyC6 of (a) 0.5, (b) 0.8 and (c) 1.0mm
thick.
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(b)
859

I 858

I 857 

I 856
855

0 50 100 150 200 250 300

Time (sec)

Figure G il Resistance vs. time under CH4 for PPyC9 of (a) 0.5, (b) 0.8 and (c) 1.0mm 
thick.

F i g u r e  G 1 2  Resistance vs. time under CH4 for DPPyC3 of (a) 0.5, (b) 0.8 and (c) 1.0mm
thick.
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(b)

(c)

Figure G13 Resistance vs. time under C2H4 for PPy of (a) 0.5, (b) 0.8 and (c) 1.0mm thick.

(a)

F i g u r e  G14 Resistance vs. time under C2H4 for PPyCl of (a) 0.5, (b) 0.8 and (c) 1.0mm
thick.
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(a) (b)

0 50 100 150 200 250 300

Time (sec)

Figure G15 Resistance vs. time under C2H4 for PPyC3 of (a) 0.5, (b) 0.8 and (c) 1.0mm 
thick.

(c)

F i g u r e  G16 Resistance vs. time under C2H4 for PPyC6 of (a) 0.5, (b) 0.8 and (c) 1.0mm
thick.
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Figure G17 Resistance vs. time under C2H4 for PPyC9 of (a) 0.5, (b) 0.8 and (c) 1.0mm 
thick.

862 

J  860

1 858
1 856

854
0 50 100 150 2 00  250  300

Time (sec)

Figure G18 Resistance vs. time under C2H4 for DPPyC3 of (a) 0.5, (b) 0.8 and (c) 1.0mm
thick.



78

(a)

Time (sec)

(b)

0 50  100 150 2 0 0  2 5 0  3 0 0

Time (sec)
Figure G19 Resistance vs. time for PPy under (a) C02, (b) CH4 and (c) C2H4 at the gas 
pressure of 0.2 bars.

(b)

F ig u r e  G20 Resistance vs. time for PPyCl under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.2 bars.
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Time (sec)

Figure G21 Resistance vs. time for PPyC3 under (a) C02, (b) CH4 and (c) C2H4 at the gas 
pressure of 0.2 bars.

Time (sec)

(c)

Figure G22 Resistance vs. time for PPyC6 under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.2 bars.
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(c)

Figure G23 Resistance vs. time for PPyC9 under (a) C02, (b) CH4 and (c) C2H4 at the gas 
pressure of 0.2 bars.

0 50  100 150 2 00  250  300
Time (sec)

(c)

Figure G24 Resistance vs. time for DPPyC3 under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.2 bars.
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(a)

Time (sec)

Figure G25 Resistance vs. time for nDPPyC3 under (a) C02, (b) CH4 and (c) C2H4 at the 
gas pressure of 0.2 bars.

(c)

0 50 100 150 2 0 0  2 50  300

Time (sec)

Figure G26 Resistance vs. time for PPy under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.3 bars.
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(a)

Time (sec) Time (sec)

(c)

Time (sec)

Figure G27 Resistance vs. time for PPyCl under (a) C02, (b) CH4 and (c) C2H4 at the gas 
pressure of 0.3 bars.

(c)

Figure G28 Resistance vs. time for PPyC3 under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.3 bars.
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(b)

Figure G29 Resistance vs. time for PPyC6 under (a) C02, (b) CH4 and (c) C2H4 at the gas 
pressure of 0.3 bars.

(b)

(c)

Figure G30 Resistance vs. time for PPyC9 under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.3 bars.
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(a) (b)

Figure G31 Resistance vs. time for DPPyC3 under (a) C02, (b) CH4 and (c) C2H4 at the gas 
pressure of 0.3 bars.

(c)

Figure G32 Resistance vs. time for nDPPyC3 under (a) C02, (b) CH4 and (c) C2H4 at the gas
pressure of 0.3 bars.
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(a)

Time (sec)

30 6 0  90
Time (sec)

120

Figure G33 Resistance vs. time for PPy under C02:CH4 at the ratio of (a) 
1:3.

(b) 1:2 and (c)

(c)

30 60  90
Time (sec)

120

Figure G34 Resistance vs. time for PPyCl under C02:CH4 at the ratio of (a) 1:1 (b) 1:2 and
(c) 1:3.
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(b)

0 30  60  90  120

Time (sec)

Figure G35 Resistance vs. time for PPyC3 under C02:CH4 at the ratio of (a) 1:1 (b) 1:2 and 
(c) 1:3.

Figure G36 Resistance vs. time for PPyC6 under C02:CH4 at the ratio of (a) 1:1 (b) 1:2 and
(c) 1:3.
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0 30  60  90 120
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(b)

Figure G37 Resistance vs. time for PPyC9 under C02:CH4 at the ratio of (a) 1:1 (b) 1:2 and 
(c) 1:3.

(a)

Time (sec)

(b)

Time (sec)

(c)

0 30 60  90 120

Time (sec)

Figure G38 Resistance vs. time for DPPyC3 under C02:CH4 at the ratio of (a) 1:1 (b) 1:2
and (c) 1:3.
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Figure G39 Resistance vs. time for nDPPyC3 under C02:CH4 at the ratio of (a) 1:1 (b) 1:2 
and (c) 1:3.
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Figure G40 Resistance vs. time for PPy under C02:C2H4 at the ratio of (a) 1:1 (b) 1:2 and
(c) 1:3.
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Figure G41 Resistance vs. time for PPyCl under C02:C2H4 at the ratio of (a) 1:1 (b) 1:2 
and (c) 1:3.

(b)

Figure G42 Resistance vs. time for PPyC3 under C02:C2H4 at the ratio of (a) 1:1 (b) 1:2
and (c) 1:3.



90

(b)

Figure G43 Resistance vs. time for PPyC6 under C 02:C2H4 at the ratio of (a) 1:1 (b) 1:2 
and (c) 1:3.

(c)

Figure G44 Resistance vs. time for PPyC9 under C 02:C2H4 at the ratio of (a) 1:1 (b) 1:2
and (c) 1:3.
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(a)

0 30  60  90 120
Time (sec)

(c)

Figure G45 Resistance vs. time for DPPyC3 under C02:C2H4 at the ratio of (a) 1:1 (b) 1:2 
and (c) 1:3.

(c)

0 30  60 90  120
Time (sec)

Figure G46 Resistance vs. time for nDPPyC3 under C02:C2H4 at the ratio of (a) 1:1 (b) 1:2
and (c) 1:3.
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(b)
J๐̂น
นา'บุ)
0 )c2

Time (sec)

Figure G47 Resistance vs. time for nDPPyC3 of 0.5mm thick under (a) C02, (b) CH4 and 
(c) C2H4 at the gas pressure of 0.1 bars.
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Appendix H Characterization of nDPPyC3

nDPPyC3 was characterized by FTIR, XRD, and TGA as shown in Figure HI.

( a )  0 .7
0.6 

น 0.5

J  ° '4
0  0 .3

1  0.2 
0.1

0
4 0 0 0  3 0 0 0  2 0 0 0  1000  0

W a v e n u m b e r  ( c m - 1 ) 2 Theta (degree)

Figure HI (a) A FTIR spectrum, (b) An XRD pattern, and (c) A TGA curve under 0 2 
atmosphere for nDPPyC3.

The results of nDPPyC3 obtained from these following tests (see Figure HI) were 
corresponded to the results of DPPyC3, indicating that nDPPyC3 was still the 
nanocomposites containing intercalated OC-MMT and exfoliated Na-MMT.
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