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ABSTRACT 

 

 

 

 

Proton conducting membrane prepared by phosphoric acid doping of poly 4-

vinylpyridine (4-VP) grafted onto poly (ethylene-co-tetrafluoroethylene) ETFE film 

was studied. The effect of grafting conditions of 4-VP onto ETFE film, such as 

 i) irradiation dose ii) monomer concentration iii) reaction time iv) reaction 

temperature and v) solvent type on degree of grafting (G%) was studied. The G% 

was found to be increased as the irradiation dose increased. Moreover, the increase in 

the i) monomer concentration ii) reaction time iii) reaction temperature was found to 

lead to an increase in the G% until a maximum value was reached at a concentration 

of 60 vol.% beyond which, it dropped. Among all employed solvents, ethanol for 4-

VP was found to be the best diluents. Optimization using response surface method 

(RSM) by The Box-Behnken module available in the design expert software was 

used to optimize the grafting parameters; i) absorbed dose ii) monomer 

concentration, iii) grafting time v) grafting temperature varied in four levels in 

correlation with the degree of grafting G%. A maximum degree of grafting of 57% 

was experimentally achieved at optimum parameters; i) monomer concentration of 

48 vol.% ii) absorbed dose of 64 kGy iii) reaction time of 4h iv) reaction medium 

temperature of 69°C. The value of G% was found to be 4% lower than that predicted 

by model i.e. 61%, which is very acceptable. The grafted film then functionalized 

with phosphoric acid doping in various G% .The membranes achieved proton 

conductivity as a function of level of acid doping and G%. Fourier transform infrared 

(FTIR), thermo gravimetric analysis (TGA) and x-ray diffraction (XRD) were used 

to investigate the properties of the obtained membranes and provide evidence for 

grafting and phosphorylation. 
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ABSTRAK 
 

 

 

 

Membran Proton menjalankan yang disediakan oleh asid fosforik doping poli 

4-vinylpyridine (4-VP) ditambah kepada poli (etilena-co-tetrafluoroethylene) ETFE 

filem. Kesan cantuman syarat-syarat 4-VP ke filem ETFE, khususnya reaksi i) dos 

penyinaran ii) kepekatan monomer iii) masa iv) tindak balas suhu v) jenis pelarut 

pada tahap cantuman (G%) telah dikaji. % G didapati meningkat kerana kenaikan 

dos penyinaran. Tambahan pula, peningkatan dalam i) kepekatan monomer ii) masa 

iii) reaksi tindak balas suhu didapati membawa kepada peningkatan dalam% G 

sehingga nilai maksimum dicapai pada kepekatan 60 vol% di luar yang turun. 

Daripada semua pelarut etanol untuk 4-VP telah didapati merupakan yang terbaik 

untuk pelarutan. Pengoptimuman menggunakan kaedah respons permukaan (RSM) 

dengan modul-Behnken Keselamatan terdapat dalam perisian pakar reka bentuk telah 

digunakan untuk mengoptimumkan parameter cantuman i) dos penyerapan ii) 

kepekatan monomer, iii) cantuman masa v) cantuman suhu yang berbeza-beza dalam 

empat peringkat dalam korelasi dengan ijazah cantuman% G. Tahap maksimum 

cantuman sebanyak 57% adalah uji kaji dicapai pada parameter yang optimum; i) 

kepekatan monomer 48 vol% ii) dos yang diserap daripada 64 kGy iii) tindak balas 

masa 4H iv) suhu medium tindak balas suhu 69 ° C. Nilai G% didapati 4% lebih 

rendah daripada yang diramalkan oleh model iaitu 61%, yang sangat diterima. Filem 

yang dicantumkan berfungsi dengan asid fosforik dadah dalam pelbagai % G 

membran mencapai kekonduksian proton sebagai fungsi tahap doping asid dan % G. 

Fourier transforms infrared (FTIR), thermo gravimetric analysis (TGA) and x-ray 

diffraction (XRD) telah digunakan untuk menyiasat ciri-ciri membran yang diperoleh 

dan dijadikan bukti untuk cantuman dan pemfosforilan. 

. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Introduction      

 

 

Preparation of polymer electrolyte membranes (PEM) by using radiation 

induced grafting (RIG) method is currently received a growing interest in many 

research institutes. Due to the versatility and its ability to introduce new functional 

groups, this method can be performed on polymer films to overcome the difficulty of 

shaping functional membranes [1]. In addition, the availability of various monomer 

and polymer films combination can be reacted under controlled parameters to allow 

designing high quality membranes with desired compositions and identifying some 

specific applications. Thus, RIG became an attractive method for developing 

alternative proton exchange membranes (PEMs) for fuel cell application [2]. 

Preparation of PEM membrane to bear sulfonic acid for fuel cell by doing RIG has 

been frequently reported in literature. These membranes are obtained from grafting 

of styrene, styrene derivatives, styrene/crosslinking agents and styrene/co-monomers 

on fluorinated polymer films to follow the reaction of sulfonation [3-14]. The 

literature also reported a direct method for obtaining sulfonic acid membrane in a 

single step to graft of sodium styrene sulfonate onto poly (vinylidene fluoride) 

(PVDF) [1, 15]. Table1.1 presents examples of latest progress in the radiation 

grafting by using different grafting systems to obtain precursors for sulfonic acid 

membranes [16, 17].   
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As the state of the art in fuel cell technology moves toward higher 

temperature operation to increase the efficiency and reduce the dependence on water 

which is essential for proton conduction in low temperature fuel cell, alternative 

membranes bearing other functional groups that can stand temperature above 100 
o
C 

are sought. Acid/base complexes membranes achieved by radiation induced grafting 

of polar heterocyclic monomer such as 4-vinypyridine (4-VP) on irradiated 

fluorinated polymer films, i.e. poly (ethylene-co-tetraflouroethene) (ETFE) film 

followed by doping with phosphoric acid were attempted as a polymer electrolyte 

membrane for proton conduction in high temperature Polymer Electrolyte Membrane 

Fuel Cells (PEMFC) [18]. The 4-VP was selected to provide a basic canter (–N
+
-) 

that conducts protons at temperatures above 100 
o
C when doped with phosphoric 

acid. More studies focusing on grafting 4-VP onto irradiated ETFE [19] and poly-

(tetrafluoroethylene-co-hexafluoropropylene) (FEP) [20] with respect to the role of 

solvent together with other reaction parameters such as monomer concentration and 

dose were recently reported. The former study was carried out using the pre-

irradiation method with γ-rays whereas in the latter one, grafting was performed by 

simultaneous irradiation with γ-rays. Earlier, the effect of solvents with respect to 

type of alcohols and composition of binary alcohol/water mixtures of FEP-G-4vp 

with method of preirradiation was also evaluated [21]. However, an optimization 

study on grafting of 4-VP onto ETFE has not been reported. 

 

 

   Ion exchange membranes can be prepared by chemical, photochemical, 

mechanical and radiochemical techniques [22]. Using as a solid polymer electrolyte 

in various electrochemical applications, including, water electrolysis, chlor-alkali 

industry and fuel cells have offered for membranes such as cation exchange 

membrane [23-25]. Amongst a variety of electrochemical cells, attention to proton 

exchange membrane (PEM) fuel cells increased through their high efficiency that 

excited their improvement for different purposes.  

 

 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291097-4628%2820000404%2976:1%3C1::AID-APP1%3E3.0.CO;2-4/full#bib1
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 Table 1.1: Examples of various grafting systems used for obtaining  

 precursors for sulfonic acid membrane. 

Monomer system Base polymer Radiation 

source 

Refs. 

 

Styrene 

 

 

α, β,trifluorostyrene             

PTFE
a
, FEP

b
 and PFA

c
 

ETFE 

UHMWPE
d
 

Crosslinked PTFE 

ETFE  

Gamma rays 

Electron beam 

Gamma rays 

Gamma rays 

Gamma rays 

3 

4 

5 

6 

7 

Vinyltoluene 

m,p-methylstyrene or p-tert-

butylstyrene/DVB or BVPE 

ETFE 

 

 

Gamma rays 

 

 

8 

 

 

Styrene/DVB
f
 

Styrene/BVPE
g
 

PFA 

Crosslinked PTFE 

Gamma rays 

Gamma rays 

9 

10 

Styrene +α-methylstyrene/DVB Crosslinked PTFE Electron beam 11 

Styrene +M AN
h
 

Methylstyrene/MAN
i
 

FEP 

FEP 

Electron beam 

Electron beam 

12 

13 

Sodium styrene sulfonate + acrylic 

acid 

HDPE
e
 Electron beam 14 

Sodium styrene sulfonate PVDF Electron beam 1,15 

a
PTFE = poly(tetrafluoroethylene); 

b
poly(tetrafluoroethylene-co-hexafluoropropylene); 

c
poly(tetrafluoroethylene-co-perfluorvinylether); 

d
UHMWPE = ultrahigh molecular 

weightpolyethylene; 
e
HDPE = high density polyethylene; 

f
DVB = divinylbenzene; 

g
BVPE 

=bis(vinyl phenyl)ethane; 
h
AN = acrylonitrile; 

i
MAN = methylacrylonitrile 

 

 

At present, Nafion (duPont de Nemours) membrane is the standard 

commercial material for such application. This is due to their high conductivity, 

excellent chemical stability and low resistivity [26-28]. 

 

 

             Radiochemical grafting (radiation-induced graft copolymerization) is a rather 

versatile method to produce tailored ion exchange membranes .The attractiveness of 

this method arises from its ability to introduce desirable properties to pre-exist 

polymer substrate that already have the membrane physical shape with no altering of 

its bulk properties [29, 30]. Furthermore, it offers the capability to intimately control 
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the composition of the graft copolymer, and its properties through the proper grafting 

selection conditions [30]. In general, grafting of hydrophilic vinyl monomers onto 

hydrophobic polymer layers prepared by radiation induced grafted of ion exchange 

membranes [31, 32]. Irradiation of such grafting system causes a formation of free 

radicals on the polymer substrate, which can initiate copolymerization in the 

existence of monomer molecules [28, 33]. The polymer substrate could be either 

hydrocarbon or fluorocarbon polymer depending on the membrane stability required 

for a certain application [34]. Characterization of cation exchange membranes by 

evaluating their physico-chemical properties is an essential step of particular 

importance, as the capability of the membrane for a certain use will be determined 

based on its properties. The property of the membranes is depending mainly on 

grafting content (G%) that is a grafting conditions function [35, 36]. 

 

 

Nafion as Perfluoronated ionomer is shown in figure 1.1, fulfill the main 

fundamental due to having of their high proton conductivity as well as their 

significant chemical and mechanical properties. As a state of the art material for low 

temperature fuel cells, Nafion is expensive and also have limitation for the operation 

temperature which motivated the investigation for the improvement of alternative 

made to attach acid groups, like sulfonic groups on the main chain of aromatic 

polymeric backbones. Introducing of the sulfonic groups onto polymeric materials 

can produce membranes with high water uptake and ionic conductivities. 

 

 

 

Figure 1.1: Chemical structure of Nafion® [38] 

 

 

    During FC operation, in some cases, sulfonated aromatic polymers have a 

limitation on the operating temperature due to the required thermal and oxidative 

stability. The dependence on the existence of water for the ionic conductivity of all 



5 

the above-mentioned polymers, limits their operation temperature below 100 
o 

C 

[38]. 

 

 

 Operating at higher temperatures in compare to the lower, suggests many 

advantages such as, simplified heat management temperatures, higher-energy 

efficiency, and better CO acceptance of the Platinum (Pt) electrodes. As a result, 

many researchers have focused on improvement of new polymer electrolytes that 

have high conductivity values in low humidity or anhydrous conditions. Phosphoric 

acid doping of Polybenzimidazole (PBI) and its combinations with numerous 

modifications of its chemical structure show high proton conductivity and thermal 

stability [39-45].   

 

 

Another capable approach of aromatic polyether is mechanical and thermal 

properties with their low cost. The introduction of polar groups offers the interaction 

sites with phosphoric acid to the required ionic conductivity [46-49]. 

 

 

       A Polymer Electrolyte Fuel Cell (PEFC) includes a solid polymer membrane 

and two electrodes which perform as an electrolyte. The polymer electrolyte 

membrane is sandwiched between two platinum porous electrodes such as carbon 

paper and mesh. There are a number of single cell assemblies which are able to 

mechanically compress across electrically conductive separators to fabricate 

electrochemical stacks. Generally, PEFCs require humidified gases, hydrogen and 

oxygen (or air) as a fuel for their operation [50]. 

 

 

        A proton exchange membrane is coated with a thin platinum catalyses layer and 

a gas-permeable electrode made of graphite Paper. A solid polymer as electrolyte is 

applied to describe the PEMFC as a group of fuel cell types. The maximum operating 

temperature is around 100 °C. Hydrogen (or reformate) or methanol is consumed as 

anode fuel [50]. 
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Fig. 1.2   Polymer Electrolyte Membrane Fuel Cell [51]. 

 

 

         The fuel (typically hydrogen) which is illustrated in figure 1.2, 

electrochemically oxidized (oxidant: usually air or pure oxygen) to water. The 

overall redox reaction is separated into two half-cell reactions which are occurred at 

the two electrodes, anode and cathode. An ion-conducting electrolyte (often a solid 

electrolyte) separates the two electrodes. A fuel cell takes direct voltage into the 

electron transfer only through the external circuit [52]. 

 

 

Anode:     H2      →     2H
+  

 + 2e
-   

                               (1.1) 

 

                  Cathode:   2H
+ 

+ 2e
-
 + 1/2 O2     →     H2O                         (1.2) 

 

 

Unlike a battery, there is no internal fuel storage for fuel cells but rather 

works exclusively as an energy converter. Therefore, no time-consuming charging 

circuits are required. 
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It is well known that pollutant emissions of fuel cells are very low or even 

zero which depend on the applied fuels. Lastly, the essential element related to the 

building of power plants is possibility of relative uncomplicated serial connection of 

several cells and the main components of a single cell represented by cathode, anode, 

and electrolyte [2, 53]. 

 

 

               Polymer electrolyte membrane (PEM) is used as an electrolyte in fuel cell 

technology as a solid polymer membrane. The rule of membrane is a barrier to avoid 

the mixing of reaction gases and also to transport the proton from the anode to 

cathode. Because the cell separator is a flexible polymer film, it has some features 

such as ease assembly, handling, and sealing. It is often less complex than the other 

fuel cell systems. Moreover, the corrosive acids and bases in this system are reduced. 

The applications of PEM in Polymer electrolyte membranes fuel cell (PEMFC) 

supposed to show: good electrochemical, high proton conductivity, adequate 

mechanical properties, chemical, thermal stability, low permeability to reactants; and 

also low swelling in water. They must easily process into membrane electrode 

assemblies (MEAs) to reproduce for fabrication and preparation [37].The fuel cell 

types and their major differences illustrated in table 1.2. 
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Table 1.2: Summary of major differences of the fuel cell types [54] 

 

 

 

 

 

 

 

 

 PEFC PAFC MCFC SOFC 

Electrolyte 
Ion Exchange 

Membrane 

Immobilized 

Liquid 

Phosphoric Acid 

Immobilized 

Liquid Molten 

Carbonate 

Ceramic 

Operating 

Temperature 
80   C 205   C 650   C 

800-1000  C 

Now,600-

1000   C 

In 10 to 15 

years 

Change 

Carrier 
H

+
 H

+
 CO3

2-
 O 

2-
 

External 

Reformer for 

CH4(below) 

Yes Yes No No 

Prime Cell 

Components 
Carbon-Based Graphite- based Stainless Steel Ceramic 

Catalyst Platinum Platinum Nickel Perovskites 

Product 

Water 

Management 

Evaporative Evaporative 
Gaseous 

Product 

Gaseous 

Product 

Product Heat 

Management 

Process 

Gas+Independe

nt Cooling 

Medium 

Process 

Gas+Independe

nt Cooling 

Medium 

Internal 

Reforming + 

Process Gass 

Internal 

Reforming 

+ Process 

Gas 



9 

1.2 Problem Statement 

 

 

Since, Nafion, perfluorinated polymer is one of the few materials that deliver 

set of chemical and mechanical properties, it requires to perform as a good 

electrolyte in proton exchange membrane fuel cells (PEMFCs). However, Nafion 

presents disadvantages such as limiting the operational temperature of the fuel 

system (80 ˚C) and suffers chemical crossover [55]. The limitation of operation 

temperature is because of its inability to retain water at higher temperatures. It is 

worth to mention that ethylene-tetra fluoro ethylene copolymer (ETFE) has a special 

position amongst fluoropolymers. It includes alternating structural units of 

polyethylene and poly (tetra fluoroethylene) [–(CF2–CF2–CH2–CH2) n–] which 

confers its unique combination of properties imparted from both hydrocarbon and 

fluorocarbon polymers [56]. Moreover, it offers an excellent superior resistance and 

thermal stability to common solvents (as does PTFE) besides showing a high 

resistance to radiation and fatigue [57]. Therefore, ETFE can be a good candidate for 

preparation of membranes, ion exchange resins, polymer electrolytes and advanced 

composite materials [58].  

 

 

 

 

1.3  Objectives 

 

 

The objective of this work is to prepare proton exchange membrane by 

radiation induced grafting of 4-vinylpyridine onto poly (ethylene-co-

tetraflouroethene) followed by doping with phosphoric acid under controlled 

conditions. The objective can be divided into: 

 

 

i) To graft 4-VP onto ETFE film under control parameters. 
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ii) To optimize parameters of grafting; monomer concentration, absorbed dose, 

grafting temperature and time by using response surface method (RSM) 

available in the design expert software. 

 

iii) To functionalize the grafted ETFE films by doping with phosphoric acid . 

 

iv) To characterize the obtained grafted membranes using chemical and materials 

research aspects. 

 

 

 

 

1.4  Scope of Study 

 

 

            The scopes of this work are presented in flow chart shown in figure 1.3.This 

includes the following: 

 

i) Irradiation of ETFE with electron beam accelerator under nitrogen 

atmosphere. 

 

ii) Graft copolymerization of 4-vinylpyridine onto irradiated ETFE film 

under different controlled parameter 

 

iii) Optimization of reaction parameters using response surface method. 

 

iv) Phosphoric acid doping of the grafted film. 

 

v) Investigation and characterization of properties of the obtained 

membrane for possible use in high temperature PEM fuel  
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Figure 1.3: A flow chart of work scope 
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1.5  Thesis Outline 

 

 

This research investigates the possibility of the development of proton 

exchange membranes applicable for electrochemical applications, particularly, high 

temperature proton exchange membrane fuel cell (HTPEMC). 

 

 

Chapter 1 includes an introduction to preparation of polymer electrolyte 

membranes by radiation induced grafting (RIG), ion exchange membranes, and the 

importance of increasing operating temperature of fuel cell by 4-vinypyridine (4-VP) 

grafting onto irradiated fluorinated polymer films such as poly (ethylene-co-

tetraflouroethene) (ETFE) film followed by doping with phosphoric acid. A concise 

conception of fuel cell basic unit and its operation are also highlighted. In chapter 2, 

a review of the basic fundamentals of radiation-induced graft copolymerization 

process and its application in the preparation of proton exchange membrane and also 

general methods to characterize the membrane are mentioned. Chapter 3 states the 

equipments, materials and methods used to prepare and characterize the proton 

exchange membranes. Moreover, optimization of reaction parameters using response 

surface method is also described. In Chapter 4 the results concerning grafting 

conditions affect on the grafting degree and properties of the produced membranes 

are revealed and analyzed. Conclusions are declared in chapter 5. 
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