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Fig.2.2 SEM images of the MWCNT raw materials: (a) 300, (b) 50k. 
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Fig.2.3 SEM images of the fracture surface of the 9 wt % MWCNT/SBS composites:  

(a) 2k, (b) 20k. 

  

(a)

(b)
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Fig.2.4 TEM images of cross section of the 9 wt % MWCNT/SBS composites: (a) no 

stain, (b) magnification of panel (a), (c) with stain, arrows indicate the MWCNTs. 
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Table 2.1 Tensile Properties of the MWCNT/SBS Composites  

and theCB/SBS Composites 

σ100: tensile stress at 100% strain. σ300: tensile stress at 300% strain. 

TB: tensile stress at break. EB: elongation at break. 

 

 

 

 

 

 

 

 

 



16 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.5 Relationship between filler content and the values  

of σ100 and σ300 for various composites. 
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Fig.2.6 Creep test (70 C, 150 kPa) for the MWCNT/SBS composites  

and the CB/SBS composites. 
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Fig.2.7 Temperature dependence of storage moduli for the MWCNT/SBS composites 

and the CB/SBS composites. 
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Fig.2.8 Loss tangents (tanδ) for the MWCNT/SBS composites  

and the CB/SBS composites. 
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Table 2.2 Loss Tangents (tanδ), Peak Temperature (˚C), and Peak Value of  

the MWCNT/SBS composites and the CB/SBS composites 
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Table 2.3 Loss Moduli (E00), Peak Temperature (˚C), and Peak Value (MPa) of 

the MWCNT/SBS composites and the CB/SBS composites 
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Fig.3.1 Schematic diagram of the “cellulation model” formed in CNTs/elastomers 

composites: (a) percolation, (b) partial “cellular structure”, and (c) three-dimensional 

“celluar structure”. 
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Fig.3.2 (a, b) SEM images of the fracture surface of the 9wt% MWCNT/ESBS 

composites at different magnifications. (c) TEM images of TEM images of cross section 

of the 9wt% MWCNT/SBS composites. 
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Fig.3.3 Stress-Strain curves of the MWCNT/ESBS composites. 

  



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.4 Stress-Strain curves of the CB/ESBS composites. 
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Fig.3.5 Variations of the differential linear expansion coefficient for 

 the MWCNT/ESBS composites measured by TMA. 
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Fig.3.6 Creep test (70 ºC, 150 kPa) for the MWCNT/ESBS composites. 
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Fig.3.7 Temperature dependence of storage moduli for the MWCNT/ESBS composites. 
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Fig.3.8 Loss tangents (tanδ) for the MWCNT/ESBS composites. 
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Fig.3.9 Temperature dependence of storage moduli for the CB/ESBS composites. 
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Fig.3.10 Loss tangents (tanδ) for the CB/ESBS composites. 
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Fig.3.11 Variations of the volume electrical resistivity at room temperature,R, and 

storage modulus, E, for the MWNT/ESBS composites and the CB/ESBS composites. 
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Fig.3.12 Immersion test for the MWCNT/ESBS composites and the CB/ESBS 

composites in tetrahydrofuran (THF) at room temperature ; 0 hour. 
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Fig.3.13 Immersion test for the MWCNT/ESBS composites and the CB/ESBS 

composites in tetrahydrofuran (THF) at room temperature ; Aftre 72 hours. 
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Fig.3.14 13, 17, 28, 37wt% MWCNT/ESBS specimens and 37wt% CB/ESBS specimen 

after immersion and drying. 
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Table 3.1 Immersion test result of the MWCNT/ESBS composites and the CB/ESBS 

composites. (Wf) : Filler weight fraction, (Wd) : Weight-decreasing fraction,  

(Wm) ; Residual weight fraction.
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Fig.3.15 SEM images of cross section for the 13wt% MWCNT/ESBS composites after 

immersion and drying ; (a) Cross section, (b) magnification of part B, (c) magnification 

of part C, (d) magnification of part D. 
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Fig.3.16 SEM images of cross section for the 37wt% MWCNT composites before (a), (b) 

and after (c), (d) immersion. 
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Fig.3.17 Temperature dependence of storage moduli for the MWCNT/ESBS composites 

before and after swelling. 
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Fig.3.18 Schematic diagram of the “cellulation model” formed in CNTs/elastomers 

composites: (a) percolation, (b) partial “cellular structure”, and (c) three-dimensional 

“celluar structure”. 
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Table 3.2 Change in the various properties of the CNT/TPE composites  

caused by forming ‘’cell structure’’ 
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Fig.4.1 Storage elastic moduli of PP and EPDM/PP as a function of temperature. 

(a) Full temperature range and (b) 150–170 °C range. 
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Fig.4.2 Scanning electron micrographs for MWCNTs. (a)×250, (b)×20k, (c)×100k 
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Fig.4.3 SEM images of cross section for 10wt% Ref ;(a) Cross section, (b) magnification 

of part B, (c) magnification of part C, (d) magnification of part D. 
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Fig.4.4 SEM images of cross section for 10wt%Comp;  

(a)×250, (b)×2k, (c) ×20k, (d) ×100k. 
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Fig.4.5 TEM images of cross section of 10wt% Comp; (a)×5k, (b) ×20k. 
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Fig.4.6 Stress-Strain curves (magnification of strain 0-150%) of Comp series. 
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Fig.4.7 Stress-Strain curves (magnification of strain 0-150%) of Ref series. 
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Fig.4.8 Temperature dependence of storage moduli for Comp series.  
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Fig.4.9 Temperature dependence of storage moduli for Ref series. 
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Fig.4.10 Variations of the differential linear expansion coefficient 

for Comp series by TMA. 
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Fig.4.11 TEM images of cross section of 5, 10, 15, 20wt% Comp (no stain). 
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Fig.4.12 TEM images of cross section of 0, 5, 10, 20wt% Comp (RuO4 stain). 
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Fig.4.13 Proposed cellulation model in MWCNTs/EPDM/PP composites. 
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Table 4.1 Elastic moduli, relaxation times, and viscosity coefficients of EPDM/PP, 10 wt% Ref, 

and 10 wt% Comp obtained by model fitting. 

  Unit Neat Comp Ref 

Mixing   Viscosity milling Elasto-milling Viscosity milling 

Content  w t% 0 10 10 

Strain amount  % 1.0 1.0 1.0 

Elastic modulus 

E
e
 N/mm

2
 96 141 45 

E
1
 N/mm

2
 7 8 3 

E
2
 N/mm

2
 5 132 5 

E
3
 N/mm

2
 26 20 22 

Relaxation time 

τ
1
 sec 475 1,500 375 

τ
2
 sec 650 220 1,200 

τ
3
 sec 3,550 5,500 3,550 

Viscosity coefficient 

η
1
 N

sec
/mm

2
 3,189 11,849 1,089 

η
2
 N

sec
/mm

2
 3,108 28,935 5,461 

η
3
 N

sec
/mm

2
 91,404 108,616 79,052 
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Fig.5.5 a) Photographs of a plain PA and a MWCNT·PA nanocomposite RO 

membranes. SEM images of the surface of the b) plain PA membrane and the c) 

MWCNT·PA nanocomposite membrane. d) Detail showing the reinforcing nanotubes 

through a fracture. Raman mapping of the nanocomposite MWCNT·PA membrane 

showing the intensity of the e) D-band and f) G-band characteristic of carbon 

nanotubes. 
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Fig.5.6 Thermogravimetric analysis of the present MWCNT·PA  

nanocomposite membrane. 
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Fig. 5.7. TEM images of the MWCNT·PA nanocomposite RO membranes.  

a) shows a pristine MWCNT. b) shows the border of a cleaved MWCNT·PA 

nanocomposite RO membrane. MWCNTs can be seen protruding from the surface.  

c) Shows a magnification of one of these nanotubes that has been pulled out from the 

PA matrix. d) Shows the carbon nanotube embedded within the PA matrix.  

In e) several FFT patterns of the nanocomposite RO membranes are shown, top; 

corresponding to MWCNT, middle; PA zone, bottom; PA zone around MWCNT. 
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Fig.5.8. Model of the MWCNT·PA nanocomposite microstructure, showing  

the proposed ordered PA regions in yellow around MWCNT fillers. 
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Fig. 5.9 a) Flow performance as a function of transmembrane pressure (ΔP, MPa) of 

pure PA and MWCNT·PA nanocomposite reverse osmosis membranes before and after 

exposure to chlorine water (200 ppm). 

b) Salinity rejection rates before and after chlorine water exposure of the pure PA, the 

MWCNT·PA nanocomposite membrane, and the commercial PA RO membrane tested 
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with 3.5 wt. % salt water. 

c) Comparison of permeate flux/rejection performance of the PA, MWCNT·PA, and 

commercial RO membrane at different sodium chloride concentrations. 

d) Fouling of the MWCNT·PA nanocomposite membrane and a commercial PA RO 

membrane in presence of 200 ppm BSA concentration. Data from Ref 7 obtained  

with a considerable lower (3ppm) BSA concentration is shown for comparison. 

e) Comparison of the permeate flux/rejection performance of our membrane (solid fill 

symbols) with previous works. 
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Table 5.1 XPS semiquantitative chemical analysis of PA and MWCNT·PA RO membranes and their 

bulk polymers before and after chlorine water exposure (200 ppm for 24h).  

 
 

 

  

C O N Cl Fe
PA before Cl exposure 74.0 16.9 8.4 0.6 0.2
PA after Cl exposure 68.8 20.2 7.2 3.2 0.6
MWCNT·PA before Cl exposure 66.9 20.5 8.1 3.5 1.0
MWCNT·PA after Cl exposure 75.1 14.9 9.4 0.5 0.1

C O N Cl Fe
PA before Cl exposure 77.1 8.9 14.1 0.0 0.0
PA after Cl exposure 74.9 9.3 12.1 3.8 0.0
MWCNT·PA before Cl exposure 79.4 9.7 10.9 0.0 0.0
MWCNT·PA after Cl exposure 77.7 10.6 9.4 2.3 0.0

Element (atomic %)
Membranes

Bulk polymers
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