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ABSTRACT 

 

 

 

 

Phosphoric acid doped proton conducting membranes denoted as ETFE-g-

P(1-VIm) for possible use in high temperature polymer electrolyte membrane fuel 

cell (PEMFC) were prepared by radiation induced graft polymerization of 1-

vinylimidazole (1-VIm) onto poly(ethylene-co-tetrafluoroethylene) (ETFE) films 

followed by doping with phosphoric acid (PA). The ETFE films were irradiated by 

electron beam (EB) accelerator prior to grafting. The effect of the grafting 

parameters such as monomer concentration, absorbed dose, reaction time and 

medium temperature onto the degree of grafting (G%) were studied. The G% was 

found to be strongly dependent upon the investigated grafting parameters, which 

were optimized using response surface method (RSM) through the Box-Behnken 

design expert software. This led to the development of a quadratic model capable of 

predicting the degree of grafting. The validity of the statistical model was supported 

by the small deviation between the predicted (G = 61%) and experimental (G = 57%) 

values. The optimum conditions for achieving maximum G% were determined at: 

monomer concentration of 55 vol%, absorbed dose of 100 kGy, reaction time in the 

range of 14-20 h and medium temperature of 61°C. The effect of phosphoric acid 

doping parameters on the doping behaviour of the grafted ETFE films was also 

optimized using Taguchi method through implementing a Taguchi L9 (3
4
) orthogonal 

array. The optimum parameters for achieving a maximum acid doping level (7.45 

mmol/repeat polymer unit) were: G of 54%, acid concentration of 65%, temperature 

of 100
o
C and time of 5 days. The predicted doping value was deviated by 4.9% from 

the experimental one suggesting the validity of the model in prediction and 

optimization of acid doping reaction. The kinetics of phosphoric acid doping reaction 

was also investigated and two rate constants of 0.46 and 0.16 for PA doping reaction 

were graphically obtained suggesting a zero
th

 order reaction. The proton conductivity 

of the membranes was investigated using 4-probe conductivity cell attached to a 

direct current source meter in correlation with temperature and relative humidity. 

The proton conductivity was found to increase with the increase in doping level at 

constant temperature and relative humidity. Proton conductivity of 143 mS/cm at 

20% relative humidity was achieved in the membranes having G of 38 and 54% 

suggesting a less water dependant conductivity. It can be concluded that the obtained 

membranes have very good combinations of physico-chemical and material 

properties suitable for possible application in PEMFC operating above 100 
o
C.  
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ABSTRAK 

 

 

 

 

Membran pengalir proton terdop asid fosforik yang dinamakan sebagai 

ETFE-GP (1-VIm) mempunyai kemungkinan untuk digunakan dalam suhu tinggi 

Polimer Elektrolit Bahan Api Sel Membran (PEMFC). Membran telah disediakan 

menggunakan pencantuman teraruh sinaran 1-vinylimidaszole (1-VIm) ke atas Poli 

(Etilena bersama Tetrafluoroethylene) (ETFE) filem diikuti dengan proses pendopan 

dengan asid fosforik. Filem-filem ETFE telah disinarkan dengan pecutan alur 

elektron sebelum cantuman. Kesan parameter cantuman seperti kepekatan monomer, 

dos terserap, masa tindak balas dan suhu sederhana ke atas tahap cantuman (G%) 

telah dikaji. Nilai %G yang didapati amat bergantung kepada parameter cantuman 

yang disiasat, di mana parameter ini telah dioptimumkan dengan menggunakan 

kaedah sambutan permukaan (RSM) melalui modul yang terdapat dalam perisian 

pakar reka bentuk Box-Behnken. Penggunaan kaedah ini telah membawa kepada 

pembangunan model kuadratik yang mampu meramalkan %G dan mengurangkan 

penggunaan monomer. Kesahihan model statistik ini disokong oleh nilai sisihan yang 

kecil di antara yang diramal (G = 61%) dan eksperimen (G = 57%). Keadaan 

optimum untuk mencapai %G maksimum telah ditentukan pada: kepekatan monomer 

sebanyak 55 vol%, dos yang diterima sebanyak 100 kGy, masa reaksi dalam julat 14-

20 jam dan suhu pada 61 °C. Kesan pendopan asid fosforik ke atas filem ETFE yang 

dicantumkan juga telah dioptimumkan dengan menggunakan kaedah Taguchi 

melalui pelaksanaan tatasusunan ortogon L9 Taguchi (3
4
). Parameter optimum untuk 

mencapai tahap maksimum pendopan asid (7.45 mmol/ulangan polimer unit) adalah: 

G pada 54%, asid kepekatan  ialah 65%, suhu pada 100 
o
C dan masa ialah 5 hari. 

Nilai ramalan dopan yang diperolehi mencapai sisihan hanya sebanyak 4.9% dari 

eksperimen di mana ini mencadangkan kesahihan model ramalan dan 

pengoptimuman tindak balas pendopan asid. Kinetik tindak balas pendopan asid 

fosforik juga disiasat dan dua pemalar kadar 0.46 dan 0.16 grafik diperolehi 

menunjukkan tindak balas adalah tertib sifar. Kekonduksian proton membran dikaji 

dengan menggunakan sel kekonduksian 4-kuar yang dilampirkan pada meter sumber 

arus terus bersesuaian dengan suhu dan kelembapan relatif. Kekonduksian proton 

didapati meningkat dengan peningkatan jumlah dopan pada suhu dan kelembapan 

relatif yang tetap. Keberaliran proton sebanyak 143 mS/cm pada 20% kelembapan 

relatif telah dicapai pada membran yang mempunyai G sebanyak 38 dan 54%. Ini 

menunjukkan kekonduksian mempunyai kebergantungan yang rendah terhadap air. 

Dapat disimpulkan bahawa membran yang diperolehi mempunyai kombinasi yang 

sangat baik secara fizik-kimianya dan sifat bahannya sesuai untuk aplikasi dalam 

operasi PEMFC pada suhu melebihi 100 
o
C. 

 

 



CHAPTER 1

INTRODUCTION

1.1 General Introduction

Fuel cell technology is intended to substitute the current internal combustion 

engine as a green source for power generation. This is due to the various problems 

associated with the growing use of fossil fuels including air pollution, soaring prices 

and critical fuel reserves limitations. Fuel cells have the advantages of efficient 

generation, high power density, zero emission, no moving parts and no noise 

compared to internal combustion engine. Thus, fuel cells are promising alternative 

sources for power generation in many sectors including stationary, portable and 

mobile applications (Ahluwalia and Wang, 2008; Doss et al., 2002).

Historically, the principle of fuel cell technology goes back to more than a 

decade ago when Sir William Grove had presented the first ever known fuel-cell in 

1839. Ever since, various investigation has been carried out onto the fuel cell before 

it was accepted by the National Aeronautics and Space Administration (NASA) to be 

used for the purpose of supplying power for the Gemini and Apollo missions in the 

1960s. By the beginning of 1980s the fuel cell start to appear in markets, after being 

mainly utilized for 20 years for serving space programs (Thounthong et al., 2009).

Various types of fuel cells including solid oxide fuel cell (SOFC), molten 

carbonate fuel cell (MCFC) and phosphoric acid fuel cell (PAFC) are available. 

Among all proton exchange membrane fuel cells (PEMFC) are attracting attention
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because of its low temperature operation and suitability for transport and stationary 

applications. Thus, commercialization of PEMFC is currently being pursued.

The basic unit of PEMFC consists of a proton conducting membrane 

sandwiched between two gas diffusion electrodes forming a membrane electrode 

assembly (MEA). The MEA then is installed between two flow filed plates and 

sealing gaskets were used to prevent gas leakage at the MEA - flow field plate 

interface. Detailed components of PEMFC and their functions are presented in Table

1.1 and Figure1.1 also shows an exploded diagram for fuel cell stack.

End plate

Figurel.1 Exploded diagram for fuel cell Stack
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Table1.1 Fuel cell components

Component Function Common materials

Proton exchange 

membrane

Enables protons to travel from the 

anode to the cathode.

Perflurosulfonic acid 

membrane (Nafion 112, 

115,117)

Catalyst layers Breaks the fuel into protons and 

electrons. The protons combine 

with the oxidant to form water at 

the fuel cell cathode. The 

electrons travel to the load.

Platinum/load on carbon

Gas diffusion layers Allows fuel/oxidant to travel 

through the porous layer, while 

collecting electrons

Carbon cloth or carbon 

paper

Flow field plates Distributes the fuel and oxidant to 

the gas diffusion layer

Graphite, stainless steel

Gaskets Prevent fuel leakage, and helps to 

distribute pressure evenly

Silicon and Teflon

End plates Holds stack layers in place Stainless steel, graphite, 

polyethylene, PVC

At present the average cost for generating 1kW using fuel cells is around 50­

750 USD for transport and stationary applications, respectively. This is quite 

expensive when compared to combustion engine but still lying within the allowable 

limits of the market. Thus, one of the greatest difficulties facing researchers 

regarding this issue is to develop a cost effective and efficient fuel cell systems based 

on the fuel cell concept. It was reported that reduction of materials (electrodes and 

membranes) cost can efficiently reduces the cost of the overall system reduction 

(Frank et al., 2009).
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Proton exchange membrane (PEM) is an extremely critical component of 

PEMFC; it acts as a barrier between the supplied H2 and O2, thus prevents their 

undesired mixing. It also allows the protons (H+) resulting from the oxidation of H2 

to migrate through it from the anode to the cathode (Hinaje et al., 2009). The state 

of the art in PEMs includes Nafion(TM) (DuPont), and its analogous materials such as 

Dow (Dow Chemicals), Aciplex® (Asahi Chemicals Co.), Aciplex-S® (Asahi Kasei)
®

based on a weak functional acid -COOH, Flemion (Asahi Glass Co.), Gore-Tex 

(Gore and Associate), BAM 3G (Ballard), CRA and CRS (Solvay), and Dais 

membranes (Dais Co.) (Tian and Savadogo, 2005; Ennari, 2008). Such 

perflourinated PEMs like Nafion combine hydrophobic (perfluorocarbon backbone ) 

and hydrophilic (sulfonic acid groups) domains together, thus the hydrophilic domain 

act as a conductive domain that allows the coupled proton and water migration, while 

the hydrophobic domain act as a robust support, and hence the membrane combines 

superior mechanical and electrochemical properties. Among all membranes, Nafion 

is the most used material as it indicated by wide range of investigation. Despite 

showing adequate proton conductivity when sufficiently humidified, Nafion and its 

analogous membranes considered to be expensive (500-700 USD/m ) adding to high 

cost of PEMFC system. A  barely, less expensive (370 USD/m ) family of 

membranes such as sulfonated poly( ether ether ketone) membranes (sPEEK) were 

developed to overcome the cost problem. However an economic membrane that 

conduct proton efficiently is yet required. Finally, all these membranes are relying on 

water as main charge transporters and it was reported that the ionic conductivity of it 

is strongly water dependant. (Kerres et al., 2009).

1.2 Problem Statement

High temperature polymer electrolyte membrane fuel cell (HT-PEMC) has 

been proposed for replacing its counterpart operating at 60-80oC. This is to bring 

about benefits associated with high temperature operation such as: better electrode 

kinetics, elimination of humidification, high tolerance to fuel impurities, higher 

efficiency and higher values of excess heat by cogeneration (Li et al., 2003).
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Currently, commercial perfluorosulfonated polymers such as Nafion and its 

analogous membranes are subjected to deterioration in their proton conductivity 

when operated at temperature above 80oC due to dryness and variation in their 

viscoelastic properties (Ennari, 2008). Therefore, a strong need for proton conducting 

membranes that meet high temperature operation in PEM fuel cell has been aroused.

Basic membranes doped with inorganic proton donors have recently attracted 

much attention as polymer electrolytes of HT-PEMC due to their high proton 

conductivity, chemical and electrochemical stability at high temperature, in addition 

to, facile processing procedure (Pisani, 2009). Particularly, phosphoric acid (PA) is 

one of the most attractive inorganic proton donors that have been found to maintain 

high conductivity and stability at elevated temperature. A typical example of 

membranes for high temperature PEM is phosphoric doped polybenzimadazole 

membranes which have been subjected to frequent investigations and showed 

reasonable performance in PEM fuel cell at temperatures up to 190 °C without 

humidification (Che et al., 2010). However, such membranes suffer from a 

degradation partially caused by the loss of electrolyte (Li et al., 2003).

Alternatively, PA membranes prepared by doping of precursor films obtained 

by radiation induced grafting of heterocyclic monomers such as 4-vinylpyridine (4- 

VP) and 1-vinylimidazole (1-VIm) onto poly(ethylene-co-tetraflouroethene) (ETFE) 

were reported in literature and found to be an attractive materials for high 

temperature PEM fuel cell (Schmidt and Schmidt-Naake, 2007; §anli and Gursel, 

2010). The use of radiation induced grafting simplifies the preparation procedure, 

allows composition and properties of the membranes to be controlled and provides 

solution for film formation as reaction starts from pre-existing sheets (Nasef and 

Saidi, 2002). The selection of heterocyclic monomers was to provide a basic center 

(-N+-) resembling that of PBI to conduct protons at temperatures above 100 oC when 

protonated by doping with phosphoric acid (PA) (Matar et al., 2010).0n the other 

hand, the selection of ETFE film as a base polymer is owing to its outstanding 

properties including chemical inertness, thermal stability and mechanical integrity, in 

addition to, high radiation resistance.
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Despite being recently reported in literature; the preparation of PEMs for high 

temperature PEMFC using radiation induced grafting of 1-VIm onto ETFE films and 

subsequent doping with phosphoric acid was not comprehensively covered. The 

modelling of the effect of the interaction of the reaction parameters on the degree of 

grafting and the acid doping level for both grafting and acid doping processes was 

not reported in literature. Also, there no optimization studies for both grafting and 

acid doping reactions. A kinetic study on the phosphoric acid doping of the grafted 

ETFE precursors was also not reported. Thus, present work is intended to provide a 

comprehensive investigation for the preparation of proton conducting membranes by 

radiation induced grafting of VIm onto ETFE film and subsequent acid doping 

covering the details of modelling, prediction, and optimization of the grafting and 

doping parameters together with kinetic investigation for acid doping. Such 

investigation would lead to reduction in; the number of experiments and monomer 

consumption and improve the economy of the preparation method. It would also 

results in a better understanding for the role of reaction parameters in two preparation 

stages (i.e. grafting and PA doping) in controlling the structure and the properties of 

these membranes.

1.3 Objectives of the Study

The objective of the present study is to prepare and characterize composite, 

less water dependent proton conducting membranes containing PA by radiation 

induced graft copolymeriztion (grafting) of 1-VIm onto ETFE film and subsequent 

acid doping with PA for possible use in a high temperature PEMFC (above 100oC). 

The objective can be divided into the following sub-objectives:

1. To study the effect of grafting conditions on the degree of grafting of 1- 

Vlm monomer onto ETFE films.

2. To optimize the grafting parameters and develop a statistical model to 

predict the degree of grafting using response surface method (RSM).
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3. To optimize the reaction conditions for phosphoric acid doping required 

for converting the obtained grafted membrane precursors into proton 

conducting membrane.

4. To determine the various chemical and physical properties of the obtained 

membranes using analytical and materials research aspects.

5. To evaluate proton conductivity of the obtained membranes under various 

levels of relative humidity and temperatures.

1.4 Scope of the Study

To achieve the objective of this study, the work was performed in three 

phases; i) irradiation of ETFE films, ii) preparation of the membranes which 

involves preparation of membranes precursors and functionalized by PA doping, iii) 

characterization of the obtained membranes Figure 1.3 presents a flow chart 

summarizing the scope of this study. The details of the scope of the present study 

cover the following stages:

1. Irradiation of ETFE film with electron beam (EB) accelerator under 

controlled conditions.

2. Radiation induced grafting of 1-VIm monomer onto ETFE films under 

various grafting conditions to obtain membrane precursors.

3. Establishing the effects of grafting conditions on the degree of grafting.

4. Optimization of the grafting parameters using RSM.

5. Introducing the functional groups to the prepared precursors by PA 

doping under controlled conditions.

6. Determination of various physical and chemical properties of the 

prepared membranes using techniques such as Fourier transform infrared 

(FTIR) spectral analysis, thermal gravimetric analysis (TGA), differential 

scanning calorimetry (DSC), gravimetric analysis, back titration and DC 

impedance spectroscopy.

7. Testing the proton conductivity of the membrane under various relative 

humidifies and temperatures above 100oC.
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1.5 Thesis Outline

The thesis contains five chapters. The first chapter provides a general brief 

background about the fuel cells and the role of PEMs in fuel cells. It also includes the 

problems statement, the objectives of and the scope of work. The second chapter 

presents a review of literature including an introduction about the fuel cell 

technology and types of fuel cell systems. The state of the art of PEMs is also 

reviewed including its preparation methods and preparation conditions. The progress 

in developing PEMs for high temperature PEMFC is also discussed. The use of 

radiation induced graft copolymerization for preparation of PEMs is thoroughly 

reviewed. The third chapter covers the methodology and includes a list of all the 

materials and equipments and techniques used in this work to prepare and 

characterize the membranes. In the fourth chapter, the results of experimental work, 

statistical modelling and characterization analysis are presented and discussed. The 

overall conclusions obtained from the presented work together with some 

recommendation for future works are presented in chapter 5.
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Figure 1.2 Flow chart summarizing the scope of work



REFERENCES

Ahluwalia, R. K., and Wang, X. (2008). Effect of CO and CO2 impurities on 

performance of direct hydrogen polymer-electrolyte fuel cells. Journal o f  Power 

Sources, 180 (1), 122-131.

Ahn, S. H., Lee, D. K., Seo, J. A., Kim, J. H., and Lee, K. B. (2010). Preparation and 

characterization of anhydrous polymer electrolyte membranes based on poly(vinyl 

alcohol-co-ethylene) copolymer. Ionics, 16 (5), 475-480.

Aili, D., Hansen, M. K., Pan, C., Li, Q., Christensen, E., Jensen, J. O. (2011). 

Phosphoric acid doped membranes based on Nafion®, PBI and their blends - 

Membrane preparation, characterization and steam electrolysis testing. 

International Journal o f  Hydrogen Energy, 36 (12), 6985-6993.

Arcella, V., Troglia, C., & Ghielmi, A. (2005). Hyflon Ion membranes for fuel cells. 

Industrial and Engineering Chemistry Research, 44 (20), 7646-7651.

Babir, F. and Gomez, T. (1996). Efficiency and economics of proton exchange 

membrane fuel cells. Inter. J. Hydrogen Energy. 21: 891.

Basura, V. I., Beattie, P. D., and Holdcroft, S. (1998). Solid-state electrochemical 

oxygen reduction at Pt Nafion® 117 and Pt | BAM3TM407 interfaces. Journal o f  

Electroanalytical Chemistry, 458 (1-2), 1-5.

Bose, S., Kuila, T., Nguyen, T. X. H., Kim, N. H., Lau, K. T., and Lee, J. H. (2011). 

Polymer membranes for high temperature proton exchange membrane fuel cell: 

recent advances and challenges. Progress in Polymer Science (Oxford), 36 (6), 

813-843.

Buchi, F. N., Gupta, B., Rouilly, M., Hauser, C., Chapiro, A. and Scherer, G.G. 

(1992). Radiation grafted and sulfonated (FEP-g-Polystyrene) -  an alternative to 

Perfluorinated Membranes for PEM fuel cells. Intersociety Energy Conversion 

Engineering Conference. San Diego, California, August 3-7.

Carrette, L., Frienrich, K.A. and Stimming, U. (2001). Fuel cell -  fundementals and 

applications. fuel cells. 1: 1-33.

Chapiro, A., and Stannett, V. (1960). Direct radiation grafting on to hydrophilic 

polymers. The International Journal o f  Applied Radiation And Isotopes, 8 (4), 

164-167.



103

Chapiro, A. (1962). Radiation Chemistry of Polymeric Systems. New York: John 

Wiley and Sons. 481.

Chapiro, A., and Sommerlatte, T. (1969). Polymerisation radiochimique de l'acide 

acrylique en phases liquide et solide-I. Etude cinetique. European Polymer 

Journal, 5 (6), 707-724.

Che, Q., He, R., Yang, J., Feng, L., and Savinell, R. F. (2010). Phosphoric acid 

doped high temperature proton exchange membranes based on sulfonated 

polyetheretherketone incorporated with ionic liquids. Electrochemistry 

Communications, 12 (5), 647-649.

Chen, J., Asano, M., Yamaki, T. and Yoshida, M. (2005). Preparation of sulfonated 

crosslinked PTFE-graft-poly(alkyl vinyl ether) membranes for polymer 

electrolyte membrane fuel cells by radiation processing. Journal of Membrane 

Science, 256: 38-45.

Chen, J., Asano, M., Yamaki, T. and Yoshida, M. (2006a). Preparation and 

characterization of chemically stable polymer electrolyte membranes by radiation- 

induced graft copolymerization of four monomers into ETFE films. Journal o f  

Membrane Science 269: 194-204.

Chen, J., Asano, M., Maekawa, Y., Sakamura, T., Kubota, H., and Yoshida, M. 

(2006b). Preparation of ETFE-based fuel cell membranes using UV-induced 

photografting and electron beam-induced crosslinking techniques. Journal o f  

Membrane Science, 283 (1-2), 373-379.

Chen, J., Maekawa, Y., Asano, M., and Yoshida, M. (2007). Double crosslinked 

polyetheretherketone-based polymer electrolyte membranes prepared by radiation 

and thermal crosslinking techniques. Polymer, 48(20), 6002-6009.

Chen, J., Zhai, M., Asano, M., Huang, L., and Maekawa, Y. (2009). Long-term 

performance of polyetheretherketone-based polymer electrolyte membrane in fuel 

cells at 95 °C. Journal o f  Materials Science, 44 (14), 3674-3681.

Chen, P. Y., Chiu, C. P., and Hong, C. W. (2009). Molecular structure and transport 

dynamics in Nafion and sulfonated poly( ether ether ketone ketone) membranes. 

Journal o f  Power Sources, 194 (2), 746-752.

Chi, W. S., Patel, R., Hwang, H., Shul, Y. G., and Kim, J. H. (2011). Preparation of 

poly(vinylidene fluoride) nanocomposite membranes based on graft



104

polymerization and sol-gel process for polymer electrolyte membrane fuel cells. 

Journal o f  Solid State Electrochemistry, 1-10.

Choi, P., Jalani, N. H., Thampan, T. M., and Datta, R. (2006). Consideration of 

thermodynamic, transport, and mechanical properties in the design of polymer 

electrolyte membranes for higher temperature fuel cell operation. Journal o f  

Polymer Science Part B: Polymer Physics, 44 (16), 2183-2200.

Daletou, M. K., Geormezi, M., Pefkianakis, E. K., Morfopoulou, C., and Kallitsis, J. 

K. (2010). Fully aromatic copolyethers for high temperature polymer electrolyte 

membrane fuel cells. Fuel Cells, 10 (1), 35-44.

Dargaville, T. R., George, G. A., Hill, D. J. T. and Whittaker, A. K. (2003). High 

energy radiation grafting of fluoropolymers. Progress in Polymer Science, 28 (9), 

1355-1376.

Doss, E. D., Kumar, R., Ahluwalia, R. K. and Krumpelt, M. (2002). Research trends: 

Parametric analysis of automotive fuel processors. Fuel Cells Bulletin, 2002 (3), 

12-13.

Ellinghorst, G., Niemoller, A. and Vierkotten, D. (1983). Radiation Initiated Grafting 

of Polymer Films-An Alternative Technique to Prepare Membranes for Various 

Separation Problems. Rad. Phy. Chem. 22 (5): 635-642.

El-Nesr, E. M. (1997). Effect of solvents on gamma radiation induced graft 

copolymerization of methyl methacrylate onto polypropylene. Journal o f  Applied 

Polymer Science, 63 (3), 377-382.

Ennari, J. (2008). Modelling of transport properties and state of water of 

polyelectrolytes containing various amounts of water. Polymer, 49 (9), 2373­

2380.

Frank, M.-W., Elna, S., and Annette, R. (2009). Key role of fuel cells. In B. Michael 

and W. Martin (Eds.), Key role o f  fu e l cells The Hydrogen Economy (pp. 348­

384): Cambridge University Press.

Gebel, G. (2000). Structural evolution of water swollen perfluorosulfonated 

ionomers from dry membrane to solution. Polymer, 41(15), 5829-5838.

Ghielmi, A., Vaccarono, P., Troglia, C. and Arcella, V. (2005). Proton exchange 

membranes based on the short-side-chain perfluorinated ionomer. Journal o f  

Power Sources, 145 (2), 108-115.



Geraldes, A. N., Zen, H. A., Parra, D. F., Ferreira, H. P., and Lugao, A. B. (2008). 

Effects of solvents on post-irradiation grafting of styrene onto fluoropolymer 

films. E-Polymers.

Ghosh, S., Sannigrahi, A., Maity, S., and Jana, T. (2010). Role of solvent protic 

character on the aggregation behavior of polybenzimidazole in solution. Journal 

o f  Physical Chemistry B, 114 (9), 3122-3132.

Gubler, L., Gursel, S. A., and Scherer, G. G. (2005). Radiation grafted membranes 

for polymer electrolyte fuel cells. Fuel Cells, 5 (3), 317-335.

Gubler, L., and Scherer, G. G. (2010). Trends for fuel cell membrane development. 

Desalination, 250 (3), 1034-1037.

Gubler, L., Slaski, M., Wallasch, F., Wokaun, A., and Scherer, G. G. (2009). 

Radiation grafted fuel cell membranes based on co-grafting of a-methylstyrene 

and methacrylonitrile into a fluoropolymer base film. Journal o f  Membrane 

Science, 339 (1-2), 68-77.

Gupta, B., Buchi, F. N. and Scherer, G. G. (1994a). Cation exchange membranes by 

pre-irradiation grafting of styrene into FEP films. I. Influence of synthesis 

conditions. Journal o f  Polymer Science, Part A: Polymer Chemistry, 32 (10), 

1931-1938.

Gupta, B., Highfield, J. G. and Scherer, G. G. (1994b). Proton-exchange membranes 

by radiation grafting of styrene onto FEP films. II. mechanism of thermal 

degradation in copolymer membrane. Journal o f  Applied Polymer Science, 51 (9), 

1659-1666.

Gursel, S. A., youcef, H. B., Wokaun, A., and Scherer, G. G. (2007). Influence of 

reaction parameters on grafting of styrene into poly(ethylene-alt- 

tetrafluoroethylene) films. Nuclear Instruments and Methods in Physics Research, 

Section B: Beam Interactions with Materials and Atoms, 265 (1), 198-203.

Hatanaka, T., Hasegawa, N., Kamiya, A., Kawasumi, M., Morimoto, Y. and 

Kawahara, K. (2002). Cell performances of direct methanol fuel cells with grafted 

membranes. Fuel. 81: 2173-2176.

He, R., Li, Q., Xiao, G., and Bjerrum, N. J. (2003). Proton conductivity of 

phosphoric acid doped polybenzimidazole and its composites with inorganic 

proton conductors. Journal o f  Membrane Science, 226 (1-2), 169-184.

105



106

He, R., Li, Q., Jensen, J. O., and Bjerrum, N. J. (2007). Doping phosphoric acid in 

polybenzimidazole membranes for high temperature proton exchange membrane 

fuel cells. Journal o f  Polymer Science, Part A: Polymer Chemistry, 45 (14), 2989­

2997.

He, R., Che, Q., and Sun, B. (2008). The acid doping behavior of polybenzimidazole 

membranes in phosphoric acid for proton exchange membrane fuel cells. Fibers 

and Polymers, 9 6), 679-684.

Hegazy, E. S. A., Ishigaki, I., Dessouki, A. M., Rabie, A., and Okamoto, J. (1982). 

Study on radiaton grafting of acrylic acid onto fluorine-containing polymers - 2. 

kinetic study of preirradiation grafting onto poly(tetrafluoroethylene- 

hexafluoropropylene). Journal o f  Applied Polymer Science, 27 (2), 535-543.

Hinaje, M., Sadli, I., Martin, J. P., Thounthong, P., Rael, S. and Davat, B. (2009). 

Online humidification diagnosis of a PEMFC using a static DC-DC converter. 

International Journal o f  Hydrogen Energy, 34 (6), 2718-2723.

Holmberg, S., Lehtinen, T., Nasman, J., Ostrovskii, D., Paronen, M., Serimaa, R., 

Sundholm, F., Sundholm, G., Torell, L. and Torkkeli, M. (1996). Structure and 

Properties of Sulfonated Poly[(vinylidene fluoride)-g-styrene] Porous 

Membranes. Journal o f  Material Chemistry 6: 1309-1317.

Horsfall, J. A. and Lovell, K. V. (2002). Synthesis and characterisation of sulfonic 

acid-containing ion exchange membranes based on hydrocarbon and fluorocarbon 

polymers. Euroupian Polymer Journal 38: 1671-1682.

§anli, L. I., and Gursel, S. A. (2010). Synthesis and characterization of novel graft 

copolymers by radiation-induced grafting. Journal o f  Applied Polymer Science, 

120 (4), 2313-2323.

Ji, M., and Wei, Z. (2009). A review of water management in polymer electrolyte 

membrane fuel cells. Energies, 2 (4), 1057-1106.

Kerres, J., Zaidi, S. M. J., and Matsuura, T. (2009). Blend Concepts for Fuel Cell 

Membranes Polymer Membranes for Fuel Cells. In (pp. 185-221): Springer US.

Lee, S. Y., Song, J. M., Sohn, J. Y., Nho, Y. C. and Shin, J. (2011). Evaluation of the 

effect of solvent on the preparation of PVBC-g -ETFE film by a pre-irradiation 

method. Polymer (Korea), 35 (6), 610-614.



107

Li, D., Chen, J., Zhai, M., Asano, M., Maekawa, Y. and Oku, H. (2009a). 

Hydrocarbon proton-conductive membranes prepared by radiation-grafting of 

styrenesulfonate onto aromatic polyamide films. Nuclear Instruments and 

Methods in Physics Research, Section B: Beam Interactions with Materials and 

Atoms, 267 (1), 103-107.

Li, Q., He, R., Jensen, J. O. and Bjerrum, N. J. (2003). Approaches and recent 

development of polymer electrolyte membranes for fuel cells operating above 100 

oC. Chemistry o f  Materials, 15 (26), 4896-4915.

Li, Q., He, R., Berg, R. W., Hjuler, H. A. and Bjerrum, N. J. (2004). Water uptake 

and acid doping of polybenzimidazoles as electrolyte membranes for fuel cells. 

Solid State Ionics, 168 (1-2), 177-185.

Li, Q., Jensen, J. O., Savinell, R. F., and Bjerrum, N. J. (2009b). High temperature 

proton exchange membranes based on polybenzimidazoles for fuel cells. Progress 

in Polymer Science, 34 (5), 449-477.

Lin, C. W., Huang, Y. F. and Kannan, A. M. (2007a). Cross-linked poly(vinyl 

alcohol) and poly(styrene sulfonic acid-co-maleic anhydride)-based semi- 

interpenetrating network as proton-conducting membranes for direct methanol 

fuel cells. Journal o f  Power Sources, 171 (2), 340-347.

Lin, C. W., Huang, Y. F., and Kannan, A. M. (2007b). Semi-interpenetrating 

network based on cross-linked poly(vinyl alcohol) and poly(styrene sulfonic acid- 

co-maleic anhydride) as proton exchange fuel cell membranes. Journal o f  Power 

Sources, 164 (2), 449-456.

Lisenkov, A. N. (2002). Methodology of the analysis of variability and robust 

optimization for quality control systems and measurement problems. 

Measurement Techniques, 45 (7), 679-688.

Ma, W., Zhao, C., Lin, H., Zhang, G. and Na, H. (2011). Poly(aryl ether ketone)s 

with bromomethyl groups: synthesis and quaternary amination. Journal o f  Applied 

Polymer Science, 120 (6), 3477-3483.

Ma, W., Zhao, C., Lin, H., Zhang, G., Ni, J., Wang, J. (2011b). High-temperature 

water-free proton conducting membranes based on poly(arylene ether ketone) 

containing pendant quaternary ammonium groups with enhanced proton transport. 

Journal o f  Power Sources, 196 (22), 9331-9338.



108

Machi, S., Kamel, I. and Silverman, J. (1970). Study of effect of solvents on graft 

polymerization of styrene onto low density polyethylene. Journal o f  Polymer 

Science A. 1: 3329-3334.

Matar, S., Higier, A. and Liu, H. (2010). The effects of excess phosphoric acid in a 

Polybenzimidazole-based high temperature proton exchange membrane fuel cell. 

Journal o f  Power Sources, 195 (1), 181-184.

Momose, T., Yoshioka, H., Ishigaki, I. and Okamoto, J. (1989). Radiation grafting of 

a,P,P-Trifluorostyrene onto poly(Ethylene-co-Tetrafluoroethylene) film by pre­

irradiation method. II. properties of cation exchange membrane obtained by 

sulfonation and hydrolysis of the grafted Film. Journal o f  Applied Polymer 

Science, 38: 2091-2101.

Munari, S., Vigo, F., Tealdo, G. and Rossi, C. J. (1967). Permeation of permselective 

membrane by means of radiation induced grafting. I. cation selective. Journal o f  

Applied Polymer Science, 11: 1563-1570.

Nasef, M. M. (1999). Proton exchange membranes for fuel cell application., 

Universitie Teknologie Malaysia, Skudai.

Nasef, M.M., Saidi, H. and Nor, H. (2000). Proton exchange membranes prepared by 

simultaneous radiation grafting of styrene onto Poly(tetrafluoroethylene-co- 

hexafluoropropylene) films. I. effect of grafting conditions. Journal o f  Applied 

Polymer Science, 76: 220-227.

Nasef, M. M., and Saidi, H. (2002). Post-mortem analysis of radiation grafted fuel 

cell membrane using X-ray photoelecton spectroscopy. Journal o f  New Materials 

fo r  Electrochemical Systems, 5 (3), 183-189.

Nasef, M.M. and Hegazy, E.A. (2004). Preparation and applications of ion exchange 

membranes by radiation-induced graft copolymerization of polar monomers onto 

non-polar films. Progress in Polymer Science, 29: 499-561.

Nasef, M. M. and Saidi, H. (2005). Structure-property relationships in radiation 

grafted poly(tetrafluoroethylene)-graft-polystyrene sulfonic acid membranes. 

Journal o f  Polymer Research, 12 (4), 305-312.

Nasef, M.M., Zubir, N.A., Ismail, A.F., Khayet, M., Dahlan, K.Z.M., Saidi, H., 

Rohani, R., Ngah, T.I.S. and Sulaiman, N.A. (2006). PSSA pore-filled PVDF 

membranes by simultaneous electron beam irradiation: preparation and transport



109

characteristics of protons and methanol. Journal o f  Membrane Science, 268: 96­

108.

Nasef, M. M., Saidi, H. and Dahlan, K. Z. M. (2009). Single-step radiation induced 

grafting for preparation of proton exchange membranes for fuel cell. Journal o f  

Membrane Science, 339 (1-2), 115-119.

Paddison, S. J. (2009). Proton conduction in PEMs: complexity, cooperativity and 

connectivity. Topics in Applied Physics,113 : 385-412.

Paul, R., and Paddison, S. J. (2004). The phenomena of dielectric saturation in the 

water domains of polymer electrolyte membranes. Solid State Ionics, 168 (3-4), 

245-248.

Peighambardoust, S. J., Rowshanzamir, S. and Amjadi, M. (2010). Review of the 

proton exchange membranes for fuel cell applications. International Journal o f  

Hydrogen Energy, 35 (17), 9349-9384.

Peron, J., Edwards, D., Besson, A., Shi, Z., and Holdcroft, S. (2010). Microstructure- 

performance relationships of sPEEK-based catalyst layers. Journal o f  the 

Electrochemical Society, 157 (8), B1230-B1236.

Pisani. (2009). The limits of proton conductivity in polymeric sulfonated 

membranes: A modelling study. Journal o f  Power Sources, 194 (1), 451-455.

Rikukawa M. and Sanui, K. (2000). Proton-conducting polymer electrolyte 

membranes based on hydrocarbon polymers. Progress in Polymer Science, 25: 

1463 -  1502.

Rohani, R., Nasef, M. M., Saidi, H., and Dahlan, K. Z. M. (2007). Effect of reaction 

conditions on electron induced graft copolymerization of styrene onto 

poly(ethylene-co-tetrafluoroethylene) films: kinetics study. Chemical Engineering 

Journal, 132 (1-3), 27-35.

Sannigrahi, A., Ghosh, S., Maity, S. and Jana, T. (2010). Structurally isomeric 

monomers directed copolymerization of polybenzimidazoles and their properties. 

Polymer, 51 (25), 5929-5941.

Schmidt-Naake, G., Bohme, M. and Cabrera, A. (2005). Synthesis of proton 

exchange membranes with pendent phosphonic acid groups by irradiation grafting 

of VBC. Chemical Engineering and Technology, 28 (6), 720-724.



110

Schmidt, C., and Schmidt-Naake, G. (2007). Proton conducting membranes obtained 

by doping radiation-grafted basic membrane matrices with phosphoric acid. 

Macromolecular Materials and Engineering, 292 (10-11), 1164-1175.

Schuster, M., Kreuer, K. D., Steininger, H., and Maier, J. (2008). Proton conductivity 

and diffusion study of molten phosphonic acid H3PO3. Solid State Ionics, 179 

(15-16), 523-528.

Sevil, F. and Bozkurt, A. (2004). Proton conducting polymer electrolytes on the basis 

of poly(vinylphosphonic acid) and imidazole. Journal o f  Physics and Chemistry 

o f  Solids, 65 (10), 1659-1662.

Sevil, F. and Bozkurt, A. (2005). Proton conduction in PVPA -benzimidazole hybrid 

electrolytes. Turkish Journal o f  Chemistry, 29 (4), 377-383.

Shen, M., Roy, S., Kuhlmann, J.W., Scott, K., Lovell, K. and Horsfall, J.A. (2005). 

Grafted polymer electrolyte membrane for direct methanol fuel cells. Journal o f  

Membrane Science, 251: 121-130.

Soresi B., Quartarone, E., Mustarelli, P., Magistris, A. and Chiodelli, G. (2004). 

PVDF and P(VDF-HFP)-based proton exchange membranes. Solid State Ionics. 

166: 383-389.

Steininger, H., Schuster, M., Kreuer, K. D., Kaltbeitzel, A., Bing, B., Meyer, W. 

(2007). Intermediate temperature proton conductors for PEM fuel cells based on 

phosphonic acid as protogenic group: A progress report. Physical Chemistry 

Chemical Physics, 9 (15), 1764-1773.

Sukumar, P. R., Wu, W., Markova, D., Unsal, O., Klapper, M., and Mullen, K. 

(2007). Functionalized poly(benzimidazole)s as membrane materials for fuel cells. 

Macromolecular Chemistry and Physics, 208 (19-20), 2258-2267.

Suresh, P. V., and Jayanti, S. (2010). Effect of air flow on liquid water transport 

through a hydrophobic gas diffusion layer of a polymer electrolyte membrane fuel 

cell. International Journal o f  Hydrogen Energy, 35 (13), 6872-6886.

Thounthong, P., Davat, B., Rael, S., and Sethakul, P. (2009). Fuel starvation.

Industry Applications Magazine, IEEE, 15 (4), 52-59.

Tian, H., and Savadogo, O. (2005). Effect of Silicotungstic Acid (STA) on the 

performance of a Polymer Electrolyte Fuel Cell (PEMFC) based on nafion cast in 

dimethylformamide. Fuel Cells, 5 (3), 375-382.



111

Vilciauskas, L., Paddison, S. J., and Kreuer, K. D. (2009). Ab initio modeling of 

proton transfer in phosphoric acid clusters. Journal o f  Physical Chemistry A, 113 

(32), 9193-9201.

Wei, G., Xu, L., Huang, C., and Wang, Y. (2010). SPE water electrolysis with 

SPEEK/PES blend membrane. International Journal o f  Hydrogen Energy, 35 

(15), 7778-7783.

Woo, Y., Oh, S.Y., Kang, Y.S., and Jung, B. (2003). Synthesis and characterization 

of sulfonated polyimide membranes for direct methanol fuel cell. Journal o f  

Membrane Science, 220 (1-2),31-45.

Xu, Z., Gen-Hu, W., Han-ing, C., Gyn, C. and Min-hua, (1983). Radiation induce 

grafting of styrene and its mixture with divinylbenzene onto FEP film. Radiation 

Physics and Chemistry, 22: 939-945.

Yamaki, T., Kobayashi, K., Asano, M., Kubota, H. and Yoshida, M. (2004). 

Preparation of proton exchange membranes based on crosslinked 

polytetrafluoroethylene for fuel cell applications. Polymer, 45 (19), 6569-6573.

Zouahri, A. and Elmidaoui, A. (1996). Synthesis of perfluorinated cation exchange 

membranes by preirradiation grafting of acrylic acid onto ethylene- 

tetrafluoroethylene films. Journal o f  Polymer Science, Part A: Polymer 

Chemistry, 34 (9), 1793-1798.

Zhuang, L., Feng, C., Zhou, S., Li, Y. and Wang, Y. (2010). Comparison of 

membrane- and cloth-cathode assembly for scalable microbial fuel cells: 

construction, performance and cost. Process Biochemistry, 45 (6), 929-934.



vii 
 

 

TABLE OF CONTENTS 

 

 

 

 

 

CHAPTER TITLE PAGE 

 

 

DECLARATION 

 

ii 

 
DEDICATION iii 

 
ACKNOWLEDGMENTS iv 

 
ABSTRACT v 

 
ABSTRAK vi 

 
TABLE OF CONTENTS vii 

 
LIST OF TABLES xi 

 
LIST OF FIGURES xii 

 
LIST OF ABBREVIATIONS xvi 

 
LIST OF SYMBOLS xviii 

1 

 

INTRODUCTION 

 

1 

 1.1 General Introduction 1 

 1.2 Problem Statement 4 

 1.3 Objectives of the Study 6 

 1.4 Scope of the Study 7 

 

1.5 Thesis Outline 

 
 

2 LITERATURE REVIEW 10 

 2.1 Introduction 10 

 2.2 Proton Conducting Membranes 13 

 

2.2.1 Perfluorinated Polymer Electrolyte 

Membranes 

 

14 

8 



viii 
 

 2.2.1.1    Proton Conduction in Nafion Membranes 18 

 2.2.2 Non-fluorinated Hydrocarbon Membranes 20 

 

2.2.2.1    Proton Conduction in Non-fluorinated 

Membranes 

 

21 

 

2.2.2.2    Classification of PEMs According to the                   

Operating Temperatures 

 

21 

 

2.2.2.3    Membranes Having Acid-base 

Complexes 

 

23 

 2.2.2.4    Phosphoric Acid Membranes 23 

 

2.2.2.5    Proton Conduction in Membranes with 

Acid-base Complexes 

 

25 

 2.3 Methods of Preparation of PEMs 26 

 

2.3.1 Radiation-induced Graft 

Copolymerization 

 

28 

 2.3.1.1    Simultaneous Irradiation Method 29 

 

2.3.1.2    Pre-Irradiation Method (Post-Irradiation 

Grafting) 

 

30 

 

2.3.2 Effect of Different Parameters in 

Radiation-induced Grafting 

 

30 

 2.3.2.1    Effect of Irradiation Dose and Dose Rate 31 

 2.3.2.2    Effect of Polymer Structure 31 

 2.3.2.3    Effect of Monomer Concentration 31 

 2.3.2.4    Effect of Solvent 32 

 2.3.2.5    Effect of Grafting Temperature 33 

 

2.3.3 Application of Radiation Induced 

Grafting in Preparation of PEMs 

2.3.3.1 Application of Radiation Induced 

Grafting in Preparation of Sulfonic Acid 

Membranes 

 

33 

 

 

35 

   



ix 
 

 2.3.3.2 Grafting on ETFE Films 35 

 

2.3.3.3 Membranes by Radiation Induced 

Grafting  onto FEP films 

 

38 

 2.3.3.4 Grafting on PVDF Films 39 

 

         2.3.3.5     Application of Radiation Induced                         

                       Grafting in Preparation of Phosphoric   

                       Acid Membranes 

 

      

     40 

3 RESEARCH METHODOLOGY 42 

 3.1 Introduction 42 

 3.2 Materials 42 

 3.3 Equipments 43 

 3.4 Preparation of Proton-exchange Membrane 43 

 3.4.1 Irradiation of ETFE Films 44 

 3.4.2 Grafting of 1-VIm 44 

 3.4.3 Phosphoric Acid Doping 45 

 3.5 Characterization of Grafted Films 47 

 3.5.1 FTIR Spectroscopy 47 

 3.5.2 Thermal Stability 47 

 3.5.3 Thermal Properties 48 

 3.5.4 Ion Exchange Capacity (IEC)  48 

 3.5.5 Swelling 49 

 3.5.6 Ionic Conductivity Measurement 49 

 3.6 Optimization Studies 51 

 

3.6.1 Optimization Study of Grafting 

Conditions 

 

51 

 

3.6.2 Optimization of Phosphoric Acid Doping 

Reaction Conditions 

 

 

54 

 



x 
 

4 RESULTS AND DISCUSSION 57 

 4.1 Introduction 57 

 

4.2 Effect of Reaction Conditions on Grafting  of       

1-VIm onto ETFE Films 

 

58 

 

4.3 Optimization of the Reaction Parameters for 

Grafting  of 1-VIm onto ETFE Films 

 

62 

 4.3.1 Statistical Analyses of the Response 63 

 

4.4 Effect of Reaction Conditions on Phosphoric Acid 

Doping of ETFE-g-p(1-VIm) Precursors 

 

71 

 

4.5 Kinetics and Optimization of Reaction Conditions 

of Phosphoric Acid Doping 

 

75 

 4.5.1 Statistical Analyses of the Response 76 

 4.5.2 Acid Doping Kinetics 82 

 

4.6 Properties of the Grafted Precursor and Acid 

Doped Proton Conducting Membranes 

 

85 

 4.6.1 FTIR Spectroscopic Analysis 86 

 4.6.2 Thermal Gravimetric Analysis 87 

 

4.6.3 Differential Scanning Calorimetry 

Analysis 

 

88 

 4.6.4 Ion Exchange Capacity (IEC)  90 

 4.6.5 Swelling 91 

 

4.6.6 Ionic Conductivity                                                       

 
 

5 CONCLUSION AND RECOMMENDATION 96 

 5.1 Conclusions 96 

 5.2 Recommendations 100 

 

REFERENCES 
 

 

102 

Appendices A1-A3  112-114 

     92 



xi 
 

LIST OF TABLES 

TABLE NO.              TITLE                         PAGE 

 

1.1  Fuel cell components 3 

2.1 Types of fuel cells 11 

2.2 Physico-chemical properties of Nafion 117, Dow XUS and 

Aciplex 40. 16 

2.3  Structures of various types of PEMs. 16 

2.4  Summary of the properties of PA doped PEMs discussed in 

section 2.3.3.5  41 

3.1  Levels and parameters of optimization study for grafting of 

VIm onto ETFE films 53 

3.2  Random combinations runs according to RSM array 53 

3.3  Levels and parameters of optimization study for phosphoric 

acid doping 55 

3.4  Combinations runs according to L9(3
4
) array 55 

4.1  RSM array for experimental runs 64 

4.2  ANOVA analysis of the impact of the noise on the data 65 

4.3  ANOVA  analysis 76 

 

 

../../../Users/Home/Desktop/Prof.%20Mohamed-desktop/AppData/Local/Temp/thesis/Ezzat/My%20Thesis.(Edited%20by%20S@d).docx#_Toc301969540
../../../Users/Home/Desktop/Prof.%20Mohamed-desktop/AppData/Local/Temp/thesis/Ezzat/My%20Thesis.(Edited%20by%20S@d).docx#_Toc301969540
../../../Users/Home/Desktop/Prof.%20Mohamed-desktop/AppData/Local/Temp/thesis/Ezzat/My%20Thesis.(Edited%20by%20S@d).docx#_Toc301969540
../../../Users/Home/Desktop/Prof.%20Mohamed-desktop/AppData/Local/Temp/thesis/Ezzat/My%20Thesis.(Edited%20by%20S@d).docx#_Toc301969540


xii 

 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

 

1.1 

 

Exploded diagram for fuel cell Stack               
 

2 

 

1.2 Flow chart summarizing the scope of work 9 

 

2.1 Schematic representation of a fuel cell  12 

 

2.2 Classification of PEM families according to the nature of 

the base polymer 

 

14 

 

2.3 Illustration of the hydronium ion forms  18 

 

2.4 Schematic representation of water categories found 

through the membrane.  

 

19 

 

2.5 Formation of proton transport channels through the 

membrane.  

 

20 

 

2.6 Schematic representation of the route for preparation of 

P(VDF-CTFE)-g-PSSA membrane.  

 

27 

 

2.7 Schematic representation of the use of ionizing radiation 

to graft monomer ‘B’ onto polymer ‘A’ to form a graft 

copolymer.  

 

 

29 

 

3.1 A schematic diagram of grafting components: (1) glass 

ampoule (reaction vessel), (2) vacuum pump inlet, (3) 

monomer bubbling vessel, (4) N2 inlet, (5) triway 

stopcock, (6) air and N2 outlet, (7) irradiated film.  

 

 

 

45 

 

3.2 

 

Schematic Diagram of acid doping reactor: (1) three neck 

glass flask, (2) condenser, (3) dip-in tube for nitrogen 

delivery, (4) thermometer, (5) heating mantle, (6) doping 

solution. 

 

 

 

46 

 

3.3 Four probes conductivity cell 50 

 

../../../Users/User/Thesis%20%20UTM%20amgad%202final.doc#_Toc316409591


xiii 
 

3.4 Ionic conductivity measurement setup 51 

 

3.5 Flow chart of experimental work  56 
 

4.1 Variation of the degree of grafting with the monomer 

concentration. Grafting conditions are: absorbed dose, 100 

kGy; grafting temperature, 60
o
C and grafting time, 16 h.

  

 

59 

4.2 Variation of the degree of grafting with the irradiation 

dose. Grafting conditions are: monomer concentration, 60 

vol%; grafting temperature, 60
o
C and grafting time, 16 h.  

 

 

60 

 

4.3 Variation of the degree of grafting with the reaction time. 

Grafting conditions are: monomer concentration, 60 vol%; 

absorbed dose, 100 kGy and temperature, 60
o
C. 

 

 

61 

 

4.4 Variation of the degree of grafting with the reaction 

temperature. Grafting conditions are: monomer 

concentration, 60 vol%; absorbed dose, 100 kGy and 

reaction time, 16 h.  

 

 

 

62 

 

4.5 Variation of the Normal % probability with respect to the 

studentized residuals of responses. 

 

66 

 

4.6 3D plot of the G% versus the absorbed dose and the 

grafting temperature at 14 h grafting time and 55 vol% 

monomer concentration.  

 

 

67 

 

4.7 Contour plot for G% versus the absorbed dose and the 

grafting temperature at 14 h grafting time and 55 vol% 

monomer concentration.  

 

 

67 

 

4.8 3D plot for G% versus the absorbed dose and the 

monomer concentration at 14 h grafting time and 61 °C 

grafting temperature.  

 

 

68 

 

4.9 Contour plot for G% versus the absorbed dose and the 

monomer concentration at 14 h grafting time and 61 °C 

grafting temperature.  

 

 

69 

 

4.10 Surface plot of the desirability limit versus the monomer 

concentration and grafting temperature.  

 

70 

 

4.11 Ramp report presenting the optimum grafting parameters 

at 0.86 desirability limit.  

 

71 

 

 

 

 
 



xiv 
 

4.12 Variation of doping level in membrane with time at a 

temperature of 30
o
C for ETFE membranes having 

different degrees of grafting: (a) 54%, (b) 38%, (c) 20% 

and (d) 8%.  

 

 

 

72 

 

4.13 Variation of doping level in membrane with acid 

concentration in doping solution at a temperature of 30
o
C 

for ETFE membranes having different degrees of grafting: 

(a) 54%, (b) 38%, (c) 30%, (d) 20%  and (e) 8%.  

 

 

 

73 

 

4.14 Variation of doping level in membrane with degree of 

grafting of ETFE membranes at 30
o
C and 50% phosphoric 

acid concentration for 5 days doping time. 

 

 

74 

 

4.15 Variation of doping level with doping temperature for 

ETFE grafted membranes having degree of grafting of (a) 

54% and (b) 38% using 50% phosphoric acid 

concentration for 5 days doping time. 

 

 

 

75 

 

4.16 Normal plot of residuals for the relation between the 

normal % probability and the studentized residuals of 

responses. 

 

 

77 

 

4.17 Variation of the doping level with G%. Reaction 

conditions are: 50% acid concentration, 30
o
C doping 

temperature and 5 days reaction time.  

 

 

78 

 

4.18 The relation between the doping level and the acid 

concentration in the PA doping solution. Reaction 

conditions are: 30
o
C temperature, 5 days reaction time and 

various degrees of grafting; (a) 20%, (b) 38% and (c) 

54%.  

 

 

 

 

79 

 

4.19 The change in acid doping level with respect to the change 

in doping temperature for 50% acid concentration, 5 days 

reaction time and various degrees of grafting; (a) 20%, (b) 

38% and (c) 54%.  

 

 

 

80 

 

4.20 Cube graph for the space of the numerical optimization.  81 

 

4.21 The acid doping level of membranes versus time change 

for various acid concentrations (a) 30%, (b) 40%, (c) 50% 

and (d) 60%.  

 

 

82 

 

4.22 The acid doping rate of membranes versus time change for 

various acid concentrations: (a) 30%, (b) 40%, (c) 50% 

and (d) 60%.  

 

 

83 

 



xv 
 

4.23 The acid doping level of membranes versus time change 

for 40% acid concentration.  

 

84 

 

4.24 The relation between the acid doping rate in membranes 

and acid concentration of doping solution for various 

reaction times: (a) 1 day, (b) 2 days, (c) 3 days, (d) 4 days 

and (e) 5 days.  

 

 

 

85 

 

4.25 FTIR spectra of: (a) pristine ETFE film, (b) 54% grafted 

ETFE, and (c) 54% grafted ETFE doped in phosphoric 

acid.  

 

 

87 

 

4.26 TGA thermograms of: (a) pristine ETFE film (b) 38% 

grafted ETFE, (c) 38% grafted and PA doped ETFE (d) 

54% grafted ETFE and (e) 54% grafted and PA doped 

ETFE.  

 

 

 

88 

 

4.27 DSC thermograms: (a) pristine ETFE film (b) 38% grafted 

ETFE, (c) 38% grafted and PA doped ETFE (d) 54% 

grafted ETFE and (e) 54% grafted and PA doped ETFE.

  

 

89 

4.28 Ion exchange capacity versus the PA doping level.  90 

 

4.29 Swelling % of the membranes from vapour phase versus 

relative humidity for different PA doping level: (a) 6.6, (b) 

3.8, (c) 2.0, (d) 1.7 mmol/repeat unit.  

 

 

91 

 

4.30 Variation of ionic conductivity in relation with 

Temperature and relative humidity for ETFE-g-p(1-

VIm)/PA membranes of different PA doping level: (a)6.6, 

(b)3.8, (c)2.0, and (d)0.3 mmol/repeat unit.  

 

 

 

92 

 

4.31 

 

Variation of ionic conductivity in relation with degree of 

grafting of ETFE-g-p(1-VIm)/PA membranes for various 

relative humidity levels: (a) 40%, (b) 50%, (c) 60% and 

(d) 65%. 
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4.32 Variation of ionic conductivity in relation with doping 

level of PA doped ETFE membranes for various relative 

humidity levels: (a) 40%, (b) 50%, (c) 60% and (d) 65%. 
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4.33 Variation of ionic conductivity in relation with time for 

PA doped ETFE membranes of different PA doping 

levels: (a) 6.6, (b) 3.8, (c) 2.0 and (d) 1.7 mmol/ repeat 

unit at 120
o
C.  
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xvi 
 

LIST OF ABBREVIATIONS 

1-VIm  1-Vinylimidazole 

2-VP  2-Vinyl pyridine 

4-VP  4-Vinylpyridine 

AFC  Alkaline fuel cell 

AMS  α-Methylstyrene 

ANOVA  Analysis of variance 

ATR  Attenuated total reflectance 

DMFC  Direct methanol fuel cell 

DOG  Degree of grafting 

DSC  Differential scanning calorimetry  

DVB  Divinyl benzene 

EB Electron beam 

ETFE Poly(ethylene-co-tetraflouroethene) 

ETFE-g-p(1-VIm)  ETFE films grafted with poly(1-vinylimidazole) 

FEP  Poly(tetrafluoroethylene-co-hexafluoropropylene) 

FTIR  Fourier transform infrared  

HCl Hydrochloric acid 

HT-PEMFC  High temperature polymer electrolyte fuel cells 

IEC  Ion exchange capacity 

LT-PEMFC  Low temperature polymer electrolyte fuel cells 

MCFC  Molten carbon fuel cell 

NASA  National Aeronautics and Space Administration 

NVF  N-vinylformamide 



xvii 
 

NVP N-vinyl-2-pyrrolidone 

PA  Phosphoric acid 

PBI/H3PO4  Phosphoric acid-doped polybenzimidazole 

PE  Polyethylene 

PEM  Proton exchange membrane 

PFA  Poly(tetrafluoroethylene-co-perfluoropropyl vinyl ether) 

PSSA-co-MA  Poly(styrene sulfonic acid-co-maleic acid) 

PTFE  Polytetrafluoroethylene 

PVA  Poly(vinyl alcohol) 

PVDF  Poly(vinylidene fluoride) 

PVDF-co-HFP  Poly(vinylidenefluoride-co-hexafluoropropylene) 

PVF  Poly(vinyl fluoride) 

RH  Relative humidity 

RSM  Response surface method 

SPBI  Sulfonated polybenzimidzole 

SPEEK  Sulfonated poly(ether ether ketone) 

SPEEK/PEI  Sulfonated poly(etheretherketone) and polyetherimide 

SPES  Sulfonated polyether sulfones 

SPPO  Sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) 

TFS  α,α,β-trifluorostyrene 

Tg  Glass transition temperature 

TGA  Thermal gravimetric analysis  

Tm  Melting temperature 

VA  Vinylamine 

VBC  Vinylbenzyl chloride 

 

 



xviii 

 

LIST OF SYMBOLS 

1. A Surface are of the sample (cm
2
) 

b Regression coefficient (-) 

e Experimental error (-) 

G% Degree of grafting (wt%) 

L Thickness of the membrane sample (cm) 

mg Weight of the grafted film (g) 

mo Weight of the original film (g) 

Mp Molar mass of repeat unit (g/mol) 

Mpa Molar mass of phosphoric acid (g/mol) 

VNaOH Volume of NaOH (ml) 

Wdry Weight of the dry membrane (g) 

Wdry Weight of dry membrane (g) 

Wg Weight of grafted film (g) 

Wo Weight of original film (g) 

Wp Weight of phosphorylated membrane (g) 

Wuptake  Water uptake of the membrane from the vapour phase 

(wt%) 

Wwet Weight of the swelled membrane (g) 

x  Independent parameter (-) 

Xd Acid doping level per repeated unit of grafted polymer 

(mmol/repeating unit) 

y Response (-) 

σ Proton conductivity (Scm
−1

) 

 A 




