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CHAPTER 1

INTRODUCTION

1.1 OUTLINE OF THESIS

There is a strong demand for alternative cost effective and environmentally friendly 

power sources. A considerable effort has been made into exploring and implementing 

new methods of power production, and in particular into development of fuel cells. Fuel 

cells show promise as versatile options for mobile and standing engines for electrical 

energy generation. A detailed description and the principle of fuel cells operation are 

presented in Section 2.1.

To date, applications of fuel cells, especially for converting light hydrocarbon fuels 

to value-added products at low operating temperatures using polymer membranes, is an 

area that has received relatively little attention [1], Previous reports show conflicting 

ideas and results on the application of polymer fuel cells in converting hydrocarbons [2 , 

3], Furthermore, the majority of the hydrocarbon fuel cell studies done in 1960s utilized 

strong acids as liquid electrolytes, and operated at low temperatures [4-7], Hence, the 

parameters and methods of operation of the present polymer-electrolyte fuel cells are 

distinct from the prior research (Section 2.2). The membranes of interest here are based 

on polybenzimidazole (PBI), an amorphous hydrocarbon chain polymer that, upon 

doping with H3PO4, can be used at elevated temperature (> 200°C), which provides an 

ideal condition for thermal dehydrogenation of light paraffins. This is incorporated in 

Section 2.3.

Chapter 3 focuses on the preparation and characterization of the PBI membranes 

used in this study, including PBI membranes preparation procedure, membrane 

morphology, gas permeation, and differential scanning calorimetry (DSC) studies. The 

latter tests were conducted to determine the thermal stability of PBI polymer membranes

1
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after prolonged high temperature operation of PBI-based H2-O2 fuel cells, as it was 

anticipated that there could be changes in PBI properties as a function of time after 

exposure to temperatures as high as 250°C. While use of PBI membranes in fuel cells is 

well known, it is recognized that the raw PBI powders from which the membranes were 

made can have a range of molecular weights and, consequently, their properties differ [8 ], 

Thus it was necessary to determine the impact of the preparation procedure on PBI 

properties.

The fuel cell apparatus and the results obtained using hydrogen and oxygen as 

reactants in a PBI fuel cell are described in Chapter 4. Chapter 5 describes the use of PBI- 

based membranes in hydrocarbon fuel cells. A detailed discussion of the results follows. 

Packed-column gas chromatography was used to analyze the inlet and effluent gas 

streams, and thereby determine the products of electrochemical conversion of 

hydrocarbon fuels in PBI polymer fuel cells. The implications for the concept of 

hydrocarbon fuel cells are presented. The results will show that the direct feeding of 

primary hydrocarbon fuels into the PBI fuel cells produces high cell potential, and can 

generate significant amounts of electrical energy. Furthermore, the concentration of 

electrochemical products was shown to be proportionate to the current flow observed.

Chapter 6  presents the conclusions derived from this work, and recommendations for 

future work.

1.2 OBJECTIVES

The Fuel Cells Research Group at the University of Alberta is developing fuel cells 

for chemical conversion processes and for clean energy production. Currently, particular 

emphasis is placed on the conversion of hydrocarbon fuels since there were conflicting 

ideas and results on the application of polymer fuel cells in converting hydrocarbons. The 

research to be described herein has targeted development of systems based on PBI 

polymer membranes. PBI membranes were developed as proton conductors that would 

operate under minimal influence from water vapor activity at temperatures greater than 

200°C. The primary goal of the present research is to apply H3PO4 doped PBI membranes 

in proton-conducting fuel cells for conversion of hydrocarbons to value-added products. 

This involved the following concept that is to be developed.

2
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At anode: CsHg (g) -> C3H6 (g) + 2 flT + 2 e'

or

C2H6 (g) C2H4 (g) + 2  FT + 2  e'

At cathode: 0 2 (g) + 2 fT  + 2 e' -> H2O (g)

Overall reactions: C3H8 (g) + O2 (g) “> C3H6 (g) + H20  (g)

C2H6 (g) + ^ 0 2 (g) C2H4 (g) + H20  (g)

The above hydrocarbon fuel cells concept, if successful, will enable the utilization of fuel

cells to co-generate electrical energy and olefins from paraffins while producing only

water vapor as a clean by-product.
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CHAPTER 2

BACKGROUND

2.1 FUEL CELLS BACKGROUND

2.1.1 Introduction

Over the past 20 years, one of the most important challenges facing industry in any 

country o f the world is the search for a technology that can provide an answer to the three 

E ’s energy policy, Energy security, Economic growth and Environmental protection [ 1], 

As natural resources like hydrocarbons have become fast depleting and the environmental 

constraints on industry grow tighter, it is imperative to search for an environmentally 

friendly and cost effective alternative to substitute for the traditional power production 

methods. One of the envisaged technologies is fuel cell.

Fuel cells technology has been around for a long time. So, it comes as a complete 

surprise to many people new to the subject of fuel cells that although they were invented 

some 160 years ago by Sir William Grove, a lawyer and physicist, they have taken so 

long to come to the forefront of energy and environmental considerations [2]. This has 

risen as a result of the technical challenges plaguing their introduction as a viable power 

system, for example limited current.

The relationship between chemistry and electricity is an old and long story, dating 

back as early as 1793. Allesandro Volta (1745-1827) was responsible for firmly placing 

the observation of the electrical phenomena on a scientific footing [3]. He discovered that 

electricity can be induced by simply placing two unidentical metals on opposite sides of 

moistened paper. By the early 19th century, the fuel cells phenomenon had already been 

discovered. Sir William Grove and Professor Christian Friedrich Schonbein were both 

instrumental in discovering the full potential of fuel cells [4],
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The features that have now brought fuel cells to the forefront of research efforts for 

the automotive industry and power generation sector are:

(i) In fiiel cells applications, the efficiency is not limited by temperature. In fact, 

there are several types of fuel cells which can operate at different operating 

temperatures ranging from 100 to 1000°C depending on the electrolytes used. 

The efficiency of a conventional heat engine is limited by Carnot efficiency, 

which never exceeds 50% [5], On the other hand, fuel cells have efficiencies 

up to 50 -  70% and reaching nearly 90% with heat recovery. This has reduced 

fuel cell costs and conserves natural resources [1],

(ii) Fuel cells feed gases such as H2-O2 only produce water as the end product; 

this eliminates any hazardous effluents from polluting the mother earth [1],

(iii) Fuel cells have been used to convert hazardous industrial pollutant like H2S 

into environmentally friendly products (e.g. H2, S2, S3, S4, S5, Se, S7, Sg, S). 

Operation of such fuel cells enables rapid reactions at high temperatures, and 

overcomes theoretical equilibrium conversion limitations. Thus a H2S-O2 fuel 

cell is capable of total conversion of H2S instead of being equilibrium limited 

to 14% at 850°C, while co-generating electricity and high quality steam [6, 7],

(iv) Contrary to conventional heat engines, fuel cells can operate with minimal 

mechanical action for feed of fuel and removal of products, thus minimizing 

noise pollution.

(v) Compared to conventional heat engines, fuel cell design is much simpler and 

construction costs are moderate. Besides that, fuel cells are relatively easy to 

maintain.

(vi) A variety of fuels can be selected. Of particular interest, hydrogen can be 

extracted from natural gas, propane, methanol, ethanol and also gasoline.

Fuel cells are commonly classified according to the operating temperature, type of 

electrolyte, and type of fuel being used. The major types of fuel cell which have found 

applications are [8]:

(i) Phosphoric acid fuel cell (PAFC)

(ii) Alkaline fuel cell (AFC)

(iii) Molten carbonate fuel cell (MCFC)
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(iv) Solid oxide fuel cell (SOFC)

(v) Polymer electrolyte membrane fuel cell (PEMFC)

(vi) Direct methanol fuel cell (DMFC)

Recently, PEMFC have been tipped as a future electrical source for automobile 

applications, laptops, hand phones etc. because of their low operating temperature as well 

as high energy density when operated using hydrogen (or methanol) and oxygen as 

reactants.

2.1.2 Fuel Cells — An Electrochemical Device

In a conventional battery, the chemical energy has to be stored beforehand. This type 

of power supply adopts exactly the same operating principle of an electrochemical cell, 

where operation is carried out spontaneously and delivers certain amount of work to the 

surroundings. As the reaction continues, the free energy of the system declines. So as 

time elapse, less energy remains to be covered. Eventually, the cell reaction will come to 

equilibrium when AG is zero and no further work can be extracted [3].

In reality, fuel cells are related to batteries. But, unlike conventional batteries, fuel 

cells operate on continuously fed reactants. Thus, fuel cells can keep operating and 

supplying useful electrical energy as long as fuel is supplied [8 ], This involves 

conversion of chemical energy directly to electrical energy, unlike traditional thermo­

mechanical system, thus extracting more electricity from the same amount of fuel due to 

the higher efficiency.

In order to fully understand the operating fundamentals of fuel cells, it is important 

to understand the functions of an electrochemistry cell and the parameters governing the 

operations.

2.1.2.1 Principles of Electroneutrality [3]

The principle of electroneutrality dictates clearly that every reaction involving 

charge transfer will have thermodynamic limitations. Work is always needed to separate 

opposite charges, or even to bring like charges into closer contact. This in return will 

create charge imbalance. Additional work is needed to create a larger degree of charge

6
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imbalance, which will further raise the Gibbs free energy of the process, making it less 

and less spontaneous. The increment of Gibbs free energy in any reaction, from reactant 

to product, will result in non-spontaneous reaction, while any decrement in Gibbs free 

energy is deemed as spontaneous reaction.

I f  we have hydrogen gas contacting a metallic electrode, a small amount of hydrogen 

atoms will be split into protons, H* ions, leaving their electrons behind in the electrode:

H2 - » 2 H + + 2e '  (2 .1)

As this process proceeds, the electrons which remain in the electrode create a negatively 

charged environment. This buildup of electrons makes it increasingly difficult for 

reaction (2.1) to proceed. A similar buildup of positive charges in the proximity further 

inhibits this ionization reaction.

Contrary to this situation, if we withdraw the electrons from the metallic electrode as 

the protons are being generated, there will be no buildup of charge. One way to 

implement this idea is to drain off the excess electrons through an external circuit that 

forms part of a complete electrochemical cell, or an alternative way is to introduce a good 

electron acceptor. Both methods drive the reaction in Eqn. (2.1) forward, and this will 

restore the electroneutral environment to the two phases. Obviously, these require redox 

reactions.

Redox reactions involve the donation of electrons from a reducing agent and the 

acceptance of electrons by a chemical species that possesses a great affinity towards 

electrons in a simultaneous process. As a consequence, the transformation of hydrogen to 

protons is no longer inhibited by buildup of negative charge in the electrode because the 

excess electrons are removed from the electrode by an oxidizing agent with which they 

come into contact. At the same time, the electroneutrality condition can be preserved 

since all electrons released by hydrogen atoms couple with the oxidizing agent.
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2.1.2.2 Thermodynamic Fundamentals

The energy conversion process in a fuel cell, like in any other energy converter, is 

governed by the First and Second Laws of Thermodynamic. According to the First Law 

of Thermodynamic, for an open system under steady-flow conditions, the conservation of 

energy is given by Eqn (2.2) [9]:

Q - W  = AH (2.2)

where Q = Heat transfer.

W = Work done.

AH = Changes in enthalpy.

The Second Law o f Thermodynamic defines that a process in which there is no

entropy generation is called a reversible process where both the system and its

surroundings can be returned to their original states at any point. For any reversible 

isothermal heat transfer, the entropy change corresponding to the amount of heat 

generated is given by Eqn. (2.3) [9]:

Q = TAS (2.3)

where AS = Changes in entropy.

T = Absolute temperature.

In the case o f a fuel cell where chemical reactions occur at constant temperature and 

pressure, the equation below relates changes in Gibbs free energy to the total energy of a 

system:

AG = AH - TAS (2.4)

in which AG is the measurement of the energy that is available or free for conversion into 

usable work. The amount of heat that is produced by a fuel cell operating reversibly is 

given by the term TAS, which is unavailable for work because of the disorder or entropy 

of the system. Thus, even in a reversible fuel cell, there is a portion of heat that cannot be 

recovered and lost. Reactions in fuel cells that have negative entropy change generate 

heat, while those with positive entropy change extract heat from the surroundings [5],

8
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2.1.2.3 Nernst Equation

The Nernst equation is especially useful for electrochemistry systems because it 

relates standard potential (U0) at pressure of 1 atm and temperature of 25°C to 

equilibrium potential (U) at other temperatures and pressures of reactants and products. 

This dependency happens as a result from the dependency of Gibbs free energy on 

temperature and concentration, as shown here by van’t Hoff Isotherm [10]:

AG = AG° + RT In (Q) (2.5)

where AG° = Changes in Gibbs free energy at standard conditions.

R = Gas constant.

Q = Reaction quotient.

Q depends on the stoichiometry of chemical equation. Furthermore, since

AG = -nFAU and AG° = -nFAU0 (2.6)

where AU = Theoretical reversible potential.

AU° = Theoretical reversible potential at standard conditions.

F = Faraday’s constant with a value of 96,467 Coulombs/mole o f electrons.

n = Number of electrons involved in the reaction, 

by rearranging these two equations, we obtained an equation that relates the theoretical 

reversible potential to the concentrations of cell components. This equation is commonly 

referred to as Nernst equation:

RT
AU = A U ° - ~  lnfe) (2.7)

nF

However, in actual fuel cells application, normally, even under no current flowing 

conditions, the cell potential observed could be lower than the theoretical value. This can 

be attributed to the parasitic losses like leaking of gases, crossover of reactants, 

equipments not properly insulated and also due to the ineffectiveness of catalyst layer for 

chemisorptions of reactants.

9
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2.1.3 Operating Principles of Fuel Cells

Principles of operation of fuel cells are similar to those of an electrochemical cell. 

Electron-transfer reactions occur at the surface of electrodes in contact with reactant 

gases. The reactions take place at the interface between electrodes and electrolyte. It is 

impossible for the electrons passing through the gas phase. If we have two separate 

electrode-gas interfaces, we will be able to measure the potential difference between 

them. Such an arrangement is called a galvanic cell.

Fuel cells involve the conversion of Gibbs free energy of two separated chemical 

species into electrical energy via redox reactions. The maximum electrical work, which 

happens to be the ideal voltage that can be obtained in a fuel cell at certain operating 

conditions, is given by Eqn. (2 .6 ).

The negative sign on the right hand side of the Eqn. (2 .6 ) indicates that a positive 

potential implies a negative free energy change, and thus the cell reaction is spontaneous.

Basically, fuel cells consist of individual cell units comprising an electrolyte (either 

in solid membrane, molten or liquid form), which is situated between anode and cathode. 

When the electrolyte is a membrane, the arrangement is termed ‘Membrane-Electrode- 

Assembly’, or in short form as MEA. The MEA separates two cell compartments; one is 

termed anode compartment, and the other as cathode compartment. The potential 

difference between anode and cathode is creating a driving force, which is termed the 

electromotive force (EMF). In the anode compartment, a reducing agent has a tendency 

to donate electrons and thereby become oxidized. These electrons will be transferred to 

the cathode side via external electrical circuit to combine with oxidizing agent. This 

transfer of electrons can be manipulated into useful electrical work.

To complete the electrical circuit, the non-electronic conducting membrane inserted 

in between these two compartments acts as a barrier to separate the reducing and 

oxidizing agents while at the same time possesses ionic conductivity, normally proton or 

oxide ions. The diagram in Figure 2-1 shows the schematic presentation of a general 

PEMFC cross-section.

10
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Figure 2-1 Schematic of a proton-conducting fuel cell.

An electrochemical cell like fuel cells offers a high degree of control for 

measurements of the cell reaction. If the external circuit is broken, the reaction stops. If 

we vary the resistance in the circuit, we will be able to control the rate of the cell 

reaction. Then, by measuring the amount of electric charge that passes through the 

external electrical circuit, we are able to calculate the number moles of reactants that get 

transformed into products during the cell reaction.

For PEMFC, which have been used within the scope of this work, a few alternative 

fuels have also been utilized as potential reducing agents. Among them are methanol

[11], formic acid [12] and trimethoxymethane [13], The choice o f oxidizing agents has 

been limited so far to either pure O2 or air, which contains diluted O2. The complete 

reactions o f reactants taking part in fuel cells must be o f redox electrochemical reactions. 

A simple example is the following H2-O2 system:

Anode : H2 -» 2 H* + 2 e' AU0X = 0.00 Volt (2.8)

Cathode: 0 2 + 4 e ' + 4 H f - > 2 H 20  AEU = 1.23 Volt (2.9)

Hydrogen is being oxidized at the anode compartment to form protons. This will 

release two electrons, which will then flow to the external electrical wire. At the same 

time, generated protons will be transported through the membrane to the cathode side. At

11
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the cathode side, 1 mol of O2 will dissociate into 2 mol of O2' ions upon receiving 4 mol 

of electrons. These oxygen ions will recombine with protons to form water. Thus, the 

concept o f  clean energy source from fuel cells is achievable.

2.1.4 Cell Potential

Fuel cell applications involve electrode processes, also known as electrode reactions. 

These electrode processes are taking place at the surface of the electrode and create a 

slight unbalance in the electric charges between electrode and gas interface. The net 

result is an interfacial potential difference, which affects the rate and direction of the 

reaction. In the concept of electrochemistry, this net result is termed as individual half­

cell potentials, which are not directly measurable at this time [3],

A measurement that can be performed is the voltage difference between two

electrodes in the absence of any cell current. This voltage, known as the open cell

potential, is the potential difference between the electrodes. It is the difference between 

the half-cell potentials of the anode and cathode sides:

E c e ll — A V  V anode — V  cathode ( 2 . 1 0 )

The individual half-cell potentials of two electrodes as shown in Eqn. (2.10) are not 

the absolute value of half-cell potentials. It is only possible to measure the value in 

relation to the potentials of other half-cells. The potential of a reference half-cell is 

arbitrarily set as zero, and potentials of other electrode systems are performed with 

reference to this electrode. The potentials so obtained are half-cell potentials on a scale 

that is relative to the specific reference electrode.

Cell potential is an important indicator for fuel cells operation because it reflects the 

tendency for the cell reaction to take place. A positive cell potential shows an 

electrochemical process which is deemed spontaneous and thus can be carried out. In 

addition, the more positive the cell potential, the greater the tendency for the

electrochemistry reaction to proceed. If a cell potential shows a negative value, that 

means the specified reaction cannot be carried out spontaneously (galvanic cell), but 

requires an external force to drive it (electrolysis). The unit for cell potential is Volt 

(abbreviated V), which is defined as a work of 1 Joule per Coulomb of charge being
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transported through an external wire. A spontaneous system always has a positive cell 

potential.

There are two ways to measure the cell potential. One way is by using a voltmeter, 

which works by drawing a small amount of current through a known resistance. The 

measured current is then related back to cell potential using the relationship between 

resistance, current and cell potential.

Another way is to use potentiostat instrument. Potentiostat instrument, which we 

used in our laboratory, basically operates by injecting current into the cell through an 

auxiliary electrode to control the voltage difference between anode and cathode 

compartment [14], This voltage is adjusted until no current flows in the cell circuit. 

Under such condition, the cell potential will be determined.

2.1.5 Fuel Cells Performance

An ideal performance for fuel cells depends on types of fuels being utilized because 

different fuels will generate different electrochemical reactions. Ideal performance can 

only be obtained by operating fuel cells at open circuit potential where no losses will 

occur. This ideal performance is impossible to achieve because there are a few prominent 

losses, which contribute to the deviation of operating potential from ideal cell potential.

If  ideal performance of fuel cells can be maintained, the performance graph shown in 

Figure 2-2 can be visualized.

A

E c e ll (V) _______________________

i (m A c m '2 )

Figure 2-2 Ideal performance of fuel cells.
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In practice, this performance is not achievable. Some losses, which we normally 

termed as ‘overpotentials’, could happen. The following graph shown in Figure 2-3 

depicts a more realistic situation, which is likely to be obtained from fuel cells operations. 

In general, losses in fuel cells operation can be grouped into:

(i) Activation polarization

(ii) Ohmic polarization

(iii) Mass transport limitation

Figure 2-3 shows a typical cell potential of fuel cells versus its current density. It happens 

that cell potential is not ideal and decreases with increasing current density. Three distinct 

regions can be distinguished from this graph. Region I belongs to overpotentials, which is 

controlled mainly by activation polarization, region II by ohmic resistance while region 

IH  is mainly controlled by mass transport limitation.

in

>. i (mA.cm'2 )

Figure 2-3 Actual performance of fuel cells.

2.1.5.1 Activation Polarization

Activation polarization happens because of finite rates of reactions at electrodes. 

Sluggish electrode kinetics contributes to the activation polarization. Activation 

polarization, r ja c t, can be described by the general form of Tafel equation [5]:

RT  ,
lact = — p i nanF

r . \i

O J

(2 .11)
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where a  = Constant of electron transfer coefficient of reaction at the electrode.

i0 = Exchange current density (measurement of maximum current that can be 

obtained at negligible overpotentials [15]).

2.1.5.2 Ohmic Polarization

Ohmic resistance is mainly influenced by the ionic conductivity of membranes as 

well as resistance to the flow of electrons at the electrodes. Low ohmic resistance enables 

rapid transport of charge. Eqn. (2.12) relates ohmic losses in fuel cells to current density.

where i = The flowing current density.

R  = Total resistance of MEA which includes electronic resistance, ionic resistance 

and contact resistance.

2.1.5.3 Mass Transport Limitation

At high current density, operation of fuel cells consumes high amounts of reactants 

to generate high amounts of electricity. This will create a loss of potential due to the 

inability of the surrounding reactants to diffuse rapidly through the porous electrode to 

the catalyst site, where they then need to adsorb on the surface of catalyst before the 

subsequent electrochemical reactions take place. When this situation exists, the initial 

concentration of reactants in the surface fluids cannot be maintained and a concentration 

gradient exists between the reactants at the catalyst surface and bulk fluid. As a 

consequence, further reactions are mass transfer limited. In general, this overpotential can 

be expressed by:

where It is the limiting current density. It indicates the maximum rate at which a reactant 

can be supplied to an electrode.

Tlohmic /  X A (2.12)

mass (2.13)
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2.2 HYDROCARBON FUEL CELLS

2.2.1 Background of Low Temperature Hydrocarbon Fuel Cells

In U.S. Patents 5,747,185 and 3,718,506, details are made available for the design 

layout for hydrocarbon application in high temperature fuel cells, particularly in the range 

of 500 to 1200°C with the employment of internal or external steam reforming reactions 

[16, 17], In another patent, Mazanec and Cable (1990) claimed that high temperature 

solid oxide fuel cells could be used in converting paraffin to olefins [18], This particular 

patent is interesting because it mentioned the application of fuel cells as an alternative 

mean for converting hydrocarbons. Apart from functioning as electricity generator, fuel 

cells can also be used to produce value-added products.

Low temperature fuel cells normally involve indirect feeding of hydrocarbon, 

wherein the hydrocarbon is turned into a fL-rich gas stream, followed by purification to 

eliminate CO, a catalyst poison, before feeding the gas stream into the fuel cells [19, 20], 

Besides, there are also reports on direct utilization of hydrocarbons in electrochemical 

cells during the 1960s, especially after the discovery by Patterson and Kemball [21] that 

some partial oxidation reactions of hydrocarbons could happen and carbon dioxide and 

water were not necessarily the only two products being obtained. Anyway, at that time, 

due to the technological limitations, experiments were carried out in a strong acid bath, 

which functioned as electrolyte and moderated the temperature of reaction [22-24],

It has been proposed that oxidation processes in this acidic electrochemical cell 

involved adsorption of saturated light hydrocarbon on the electrocatalyst followed by the 

rapid formation of oxidized intermediates, which are then slowly oxidized into CO2 [25], 

According to studies conducted by Niedrach et al. [26], oxidation of paraffins C„H2n+2 

with n > 2 on platinum electrodes taken place in two different potential regions. This 

resulted in a conclusion being made that there is a distinction between two generically 

main-type species in the steady state adsorbate of the hydrocarbon. Brummer et al. [27] 

proposed that these types are the O type and the CH types adsorbates.

The O type is predominant in terms of coverage at all potentials and is the most 

highly oxidized of all the species and is the easiest to oxidize further to CO2. CH types,
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which are generalized as CH« and CHp are much less oxidized than the O type and are 

harder to oxidize at higher potentials and might represents polymeric material. Unlike O 

type, the composition of C H  fragments changes with potential and probably with the 

hydrocarbon chain structure. CH<x was found at all potentials and normally was less 

reactive toward oxidation than the 0  type. CHp was unreactive toward reduction and 

oxidation.

Figure 2-4 Proposed mechanistic of hydrocarbon oxidation in acidic electrochemical cell.

This view seems to be in agreement with Niedrach et al. who suggested that after the 

initial adsorption step, two important reaction paths are available. The highly desirable 

path involves cracking to form a partially oxygenated intermediate, which is oxidized 

further to CO2 at low potential. The second path results in the accumulation of relatively 

refractory multiple carbon species on the surface. According to Cairns et al. [28], after 

initial adsorption step, the adsorbate is probably easily dehydrogenated further, resulting 

in bonding of alkenes-like intermediate species to more platinum sites. This additional 

bonding causes straining of C -  C bonds leading to fracture of the molecules.

At the same time, Bockris et al. [29] proposed that the first step is the breaking of 

a C - H b o n d :

C -  H  bonds and is the rate determining step. This will produce carbon fragment on the 

surface of the noble metals.

CnH2n+l ads Slow /  Cl ads C2 ads

CnH2n+2 CnH2n+2, ads

O type

C„H2n+2, ads (fast) -> CH« (active) type (fast) CO2

CHp

CnH2n+2 CnH2iH-l, a(js +  H  ads 

The second step is a chemical surface reaction, which cracks the C -  C bonds rather than
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After 1960s era, no extensive research has been carried out at low temperature 

hydrocarbon fuel cells because applications before showed small current flow in acidic 

solution electrochemical cell. This is due to the complicated mechanism o f oxidation of 

hydrocarbon at the anode side which resulted in unsatisfactory current densities, and 

hindered its commercial application.

According to Otsuka et al. [30], electrochemical cell reactions are possible for 

hydrocarbons under mild conditions (< 373 K) and at 1 atm pressure. This group used 

PAFC to carry out partial oxidation of hydrocarbons, for example, alkenes to aldehydes 

and organic acid. Although the partial oxidation of alkenes under mild condition has been 

successfully achieved, this is not the case for alkanes. They concluded that room 

temperature is not high enough to activate the breaking of C -  H bonds. By applying 

H2-O2 fuel cells at room condition and further supplying light alkanes at the cathode side, 

some partial oxidations of alkanes could be observed.

As the fuel cell technology advanced, the introduction of highly conducting polymer 

like Nafion™, and better reactants separation, has once again sparked interest in low 

temperature hydrocarbon fuel cells application. In U. S. Patent 6,294,068 [31], authors 

had used low temperature PEMFC based on Nafion™ to carry out dimerization reactions 

of methane, ethane and methanol in electrochemistry mode to make higher hydrocarbons. 

The authors also used self-fabricated PBI membranes (PBI powder from Celanase) and 

operated the cell at high temperature (at least 200°C). But they have encountered some 

problems such as gas leakage and high internal resistance from ME A. These problems 

have resulted in very low yield of electrochemical products (< 1 ppm). They claimed to 

have successfully converting methane to C-2 and ethane to C-4 species. Nonetheless, the 

authors did not comment in their patent whether the final electrochemical products at the 

anode side might be influenced by the presence of O2. There is no evidence presented to 

support their claim that the products produced were directly from observed current flow. 

These traces of higher chain hydrocarbon could have originated from thermocatalytic 

reactions.

Savadogo et al. [32] operated their fuel cells at 95°C and high humidification in 

Nafion™ using I^SCV-doped PBI membranes. EhSCVdoped PBI membranes, like 

Nafion™ membranes, need high humidification to maintain its ionic conductivity at a
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satisfactory level. They bought the commercially available PBI membranes directly from 

Celanase. In their paper [32], Savadogo et al. reported the formation of CO2 and not 

propylene as the final electrochemical product. No discussion was presented to explain 

the formation of CO2 instead of C3H6 when PEMFC were employed.

2.2.2 Propane and Ethane as Fuels

Propane is a typical widespread fuel, which is often used for camping applications, 

because it can be stored in liquid form at relatively low pressure in tanks for mobile and 

portable use. Besides these advantages, propane is a relatively inexpensive fuel with high 

power density.

Unlike propane, it is more difficult to liquefy ethane. In addition, ethane has a much 

lower power density compared to propane. Nonetheless, these two light hydrocarbon 

fuels serve as an important starting material to produce olefins in chemical industry, and 

therefore it is desirable to develop a clean method for their efficient production.

Propane and ethane are two of the first three members of the paraffin hydrocarbon 

series having the chemical composition of C„H2n+2 . Both are odorless and colorless gases 

under room conditions. Compared to propylene or ethylene, both propane and ethane are 

relatively unreactive because of the single bonds along the carbon chains. In the 

following tables, some important physical properties o f propane, ethane, propylene and 

ethylene have been listed for comparison.

Table 2-1 Selected properties of ethane and propane.

Property Ethane Propane

CAS Registry No. [74-84-0] [74-98-6]

Molecular formula C j H * c 3 h 8

Molecular weight 30.07 44.09

Melting point (K) 90.4 85.5

Boiling point (K) 185 231

Vapor Pressure at 273 K, M P a 2.379 0.475

Source: Kirk-Othmer Encyclopedia o f Chemical Technology

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-2 Selected properties of ethylene and propylene.

Property Ethylene Propylene

CAS Registiy No. [74-85-1] [115-07-1]

M olecular formula C2H4 CsHe

Molecular weight 28.0536 42.081

Melting point (K) 103.99 8 8

Boiling point (K) 169.29 225.3

Vapor Pressure at 273 K, MPa 4.10 1.41

Source: Kirk-Othmer Encyclopedia o f Chemical Technology

Both Tables 2-1 and 2-2 show that ethane and propane exhibit higher boiling point 

than ethylene and propylene. This is expected since olefins have lower molecular weight 

compared to paraffins and therefore have weaker covalent bond. Although both gases are 

colorless, ethylene and propylene differ from ethane and propane in term of smell. 

Ethylene and propylene possess a slightly sweet odor.

2.3 POLYMER MEMBRANES

2.3.1 Applications of Membranes in Fuel Cells

Membranes are vital hardware in fuel cells system because they act as a barrier to 

separate both oxidizing and reducing agents from each other. At the same time, 

membranes must permit ionic movement, in our case, protons, transferring to cathode 

compartment from anode compartment. A good membrane has the following criteria:

•  Must be chemically and electrochemically stable under oxidizing and reducing 

environments.

• Has the mechanical strength to withstand operating conditions, for example, 

pressure difference between two compartments.

• Good ionic conductivity, preferably at least 10"2 S.cm' 1 to minimize ohmic losses.

• Must be electronically insulating to prevent any electrical losses to surrounding.
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• Low gas permeability to reduce reactant crossover. Crossover of reactants, either 

from the anode compartment to cathode compartment or vice-versa, will 

contribute to performance losses.

• Low cost so that it can be commercialized.

2.3.2 Nafion™ Membranes

Nafion™ membrane is the first commercially available membrane that was 

introduced in 1966 as a product of E.I. DuPont de Nemours & Co. It has been tipped as 

the most promising membranes for low temperature fuel cells application. The Nafion™ 

membranes produced by DuPont have the following chemical schematic structure [33]:

[(CF2CF2)x -  (CF CF2)y]
I

(OCF2CF)z -  0CF2CF2S03' • H f

c f 3

Figure 2-5 Molecular structure ofNafion™ membranes.

In Figure 2-5, the values of x, y and z can be varied to create materials with different 

equivalent weights (E.W.). E.W. here refers to the number of grams of polymer per mole 

of fixed sulfonic acid (SO3H) sites. The structure of Nafion™ consists of three distinct 

regions:

• The hydrophobic PTFE structure, which serves as polymer backbone. Basically, 

this structure is chemically inert.

• The hydrophilic ionic species, which is introduced by the SO3H group in the form 

of ionic clusters. This region is quite hydrophilic, absorbs water the most, and 

counter-ions exist in this region.

• An intermediate region.

There are two most commonly used materials ofNafion™ [33], One is Nafion™ 120, 

which means 1200 E.W. and is 10 mils in thickness and the other is Nafion™ 117, which 

has 1100 E.W. and is 7 mils thick. Higher E.W. will only reduce the power density 

because it has lower concentration of S O 3 H ,  which are important for proton conduction.
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So far, for fuel cells operating at temperature of 85 to 105°C, perfluorocarbon 

sulfonic acid membrane shows promising potential as future energy converter since it is 

chemically and thermally stable. It also has the highest ionic conductivity, which reaches 

0.1 S.cm' 1 at room temperature with 100% relative humidity (R.H.) [34],

2.3.3 Water Management in Nafion™ Membranes

The proton conductivity ofNafion™ is dependant on its degree of hydration. In the 

dry state, Nafion™ is a poor ion conductor, but its ionic conductivity increases sharply 

with water content [35], The water profile inside Nafion™ membranes can vary according 

to water transportation in the membranes and also on current flow. Sources of water and 

various flux components, which has the effect of redistributing the water in operating fuel 

cells, are shown schematically in Figure 2-6.

The illustration in Figure 2-6 shows the water balance inside Nafion™ membranes 

under normal operating conditions. Water is being produced at the cathode compartment 

by the electrochemical reactions taking place, which involve protons and oxygen. At the 

same time, water also enters the cell via humidified reactant gases. Inside Nafion™ 

membranes, water is being transported through the membranes from anode to cathode by 

a process call electro-osmotic drag [34],

Humidified 
anodic gas

G

Electro-osmotic drag 

 ►

lT(H20)n
Water
diffusion

A  ►

Water
production

Humidified
0 2

Anode Nafion™ membranes Cathode

Figure 2-6 Water balance in Nafion™ membranes.

Electro-osmotic drag of water from the anode compartment to cathode will tend to 

dry the membranes at the anode side under current flow and, at the same time, flood the 

cathode side because this amount of water will be added to the amount of water being 

produced initially at the cathode side. So, buildup of water occurs at the cathode side.

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Nonetheless, part of this problem is relieved by back diffusion of water from cathode to 

anode due to the concentration gradient and by the hydraulic permeation o f water (e.g. by 

maintaining pressure at cathode higher than pressure at the anode side). Careful 

manipulation of above factors ensures that no dehydration of membranes happens at the 

anode side while at the same time preventing the cathode side from flooding.

2.3.4 Proton Conductivity Mechanism in Nafion™ Membranes

The proton conductance mechanism in Nafion™ membranes is based on movement 

of hydroxonium ions between immobile S(V sites on the Nafion™ backbone [36]. SO3H 

are chemically bonded to the polymer backbone. Therefore, these sulfonic groups have 

no ability to move freely.

The presence of water is primarily important because it assists the proton conduction 

in two meaningful ways. According to Zawodzinski et al. [36], at membranes hydration, 

X (=N(H2 0 )/N(S0 3 H)) of two to three, hydroxonium ions have quite a limited motion via 

vehicle mechanism. But at fully hydrated condition, separation o f hydrophobic and 

hydrophilic region occurs and acidic functional groups are rearranged into well- 

connected hydrophilic network domains. As a result, water and protons can move more 

freely compared to low membranes hydration.

The second contribution of water is it can increase the hydrogen bond breaking and 

forming which is important for proton movement due to its good proton acceptor and 

donor behavior [37],

Nafion backbone

Figure 2-7 Protonic conduction mechanisms in Nafion™ membranes.
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Figure 2-7 shows a schematic of the proton conduction mechanism occuring inside 

the Nafion™ membranes. Protons which are generated from electrochemical reaction at 

the anode compartment will be coupled to water to form H-(H2 0 )„+ (n is between 0.9 to 

2.5, depends on the hydration state of membrane) before being transported [38], These 

ions will then “jump” to its neighboring SO3H sites. In this way, hydroxonium ion 

transport effects proton conduction from anode to cathode.

2.3.5 Limitations of Nafion™ Membranes

Perfluorosulfonated polymer membranes like Nafion™ membranes are stable to 

oxygen and hydrocarbons, and have found wide application in electrochemical processes 

and fuel cells. Unlike hydrocarbon polymer chains, perfluorosulfonated membranes are 

also less susceptible to thermal degradation and thermal oxidation processes [39],

However, it has several limitations. One of them is high manufacturing cost reaching 

780 US$/m2 [40], Another problem is related to low operating temperature. Samms et al. 

reported that Nafion™ polymer membrane is only stable up to 280°C, after which it began 

to decompose by losing of SO3H [41], Furthermore it only has a glass transition (Tg) 

point around 103°C [42],

A further limitation on the use ofNafion™ membranes arises from the conductivity 

behavior, which depends on the level of humidification of the polymer. Zawodzinski et 

al. [38] has reported water sorption data for Nafion™ membranes from liquid water and 

also from different water vapor activity. In the liquid phase, 1 mol of SO3H can absorb 

around 2 2  mol of water while at nearly water vapor activity of one, about 1 0  mol H2O/ 

SO3H were obtained at 80°C and nearly 14 mol H2O/SO3H at 30°C. The specific 

conductivity o f fully hydrated Nafion™ membranes immersed in liquid is about 0.1 

S.cm' 1 at room temperature, and about 0.15 S.cm' 1 at a cell operating temperature of 80°C

[43]. Litt [44] reported that, at room temperature, the conductivity ofNafion™ membrane 

was about 10' 1 S.cm' 1 at 100% R.H., but the performance dropped to only 10' 5 S.cm' 1 at 

approximately 15% R.H. Suzuki et al. [45] further claimed that the conductivity of 

Nafion™ membranes was of the order of 10"4 S.cm' 1 levels under dry conditions from 25 

to 130°C. Hence, it is clear that applications o f Nafion™ membranes require operation 

under conditions o f high humidification, preferably 100% R.H., in order to keep the
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membranes hydrated. Hydration ofNafion™ membranes is required for maintaining high 

ionic conductivity (lO4  S.cm'1). As a result, operation by using Nafion™ based polymer 

fuel cells above 100°C requires operation at elevated pressures in order to prevent loss of 

moisture from membranes.

On the other hand, dehydrogenation of light paraffins is thermodynamical 1 y 

favorable at high temperatures and low pressures; with 1 atm is the most practical 

pressure. By using Nafion™ membranes, fuel cells operation only can be carried out at 

low temperature (< 100°C). Above this temperature, high pressure is needed. This does 

not provide an ideal condition for dehydrogenation process. Higher temperatures also 

avoid the poisoning of platinum catalyst. Concentration of CO above 1 0  ppm in fuel will 

cause a detrimental effect on the catalyst performance [46], But, at temperatures above 

150°C, platinum catalyst will not retain CO [47], Therefore, PBI polymer membranes 

were developed to conduct protons under minimal influence from water vapor activity at 

temperatures greater than 200°C. This is in order to eradicate the limitations imposed by 

Nafion™ membranes for the operation of hydrocarbon conversion fuel cells.

2.3.6 PBI Polymer

In 1995, a landmark discovery was described by researchers at Case Western 

Reserve University (CWRU), when they introduced PBI, or poly-(2,2’ -(m-phenylene)- 

5,5’-bibenzimidazole, as a promising polymer electrolyte for fuel cell applications, upon 

doping with strong acids [48, 49], Since then, acid treated PBI membranes have been 

applied extensively in hydrogen fuel cells and DMFC [50-53], The properties of acid- 

treated PBI membranes have been systematically studied by numerous researchers, 

culminating in the production of ME As based on phosphoric acid-doped PBI by Celanese 

Ventures.

PBI is a basic polymer with a pKa value of 5.5 [51], This aromatic PBI is highly 

thermostable, with melting point over 600°C [54], At ambient conditions, PBI can absorb 

approximately 15 to 18 wt% of its own weight of liquid water at equilibrium [55], This 

represents approximately 2.56 mol of water absorbed for every repeat monomer unit of 

PBI for 15 wt% of water. PBI readily absorbs water by forming intermolecular hydrogen 

bonding between water and the N atoms and N-H groups of PBI [55].
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The ionic conductivity o f undoped PBI is about 10'12 S.cm'1 [56], Undoped PBI 

contains three benzene rings that are coupled to two imidazole groups (Figure 2-8). In 

each imidazole group, there are proton donor and acceptor groups that enable conduction, 

thus making PBI an amphoteric material. This molecular structure provides PBI with 

superior mechanical and thermal stability as well as its rigidity.

Figure 2-8 Molecular structure for a repeat unit of PBI.

Listed below are some important facts about the superiority characteristics ofPBI:

• It is an amorphous thermoplastic polymer with Tg up to 430°C [57],

• Production cost is 150 to 220 US$/kg [33], 1 kg of PBI powder can be cast into 

approximately 12 m2 of 100 pm thick PBI membranes, translating to about 12.5 to 

18 US$/m2. This is far cheaper than Nafion™ membranes with manufacturing cost 

reaching 780 US$/m2 [40],

• PBI has an almost zero electro-osmotic drag number, meaning that every proton 

transported through PBI membranes carries no water with it [50]. On the other 

hand, Nafion™ has a drag number in the range 0.6 to 2.0 [38, 58].

• PBI film does not undergo thermal degradation below 550°C under nitrogen 

atmosphere [48], By doping PBI with strong acid, the thermal degradation point 

increased to 600°C. This increase in thermal stability was attributed to the 

formation of benzimidazonium cations [54],

• PBI treated with phosphoric acid has been found to be stable in nitrogen 

atmosphere, reducing environment (5% hydrogen) or even in the presence of air. 

In all cases, weight loss below 400°C was attributed to the loss of water [59],

• PBI is sensitive to aging (> 200 hours) at temperatures above 260°C. By 

protonation of the imidazole rings by acid, a phosphate layer is formed around the 

membranes and the thermal properties of PBI are improved [55],
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It is well known that polymers containing basic groups like PBI can form complexes 

with stable acids, or other polymers containing acidic groups, in a process called polymer 

blending [60-62], To better understand formation of these complexes, two simple 

illustrations have been provided here. They were drawn using Bio-Rad ChemWindows 

6.0 software. The interaction between PBI and strong acids (e.g. H2SO4 and H3PO4) will 

give complexes shown in Figure 2-9.

(a) Complex formation after treatment with H2SO4.

(b) Complex formation after treatment with H3PO4.

Figure 2-9 Complex formations by PBI on treatment with acids.

The imidazole group, like water, acts as a solvating agent for the proton [63], It 

donates free electrons to the proton (from strong acids) to form stable complex. Bouchet 

and Siebert [64] using infrared spectroscopy showed that the interaction between PBI and
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strong acids involved protonation and not hydrogen bonding. This strong interaction 

ensures the stability of acid-doped PBI membranes.

Glipa et al. discovered that PBI has a remarkable ability to absorb and concentrate 

H3PO4 in the polymer itself [65], For example, in a H 3 P O 4  solution o f 3 M, the 

concentration of acid inside the PBI matrix was about 14.5 M, an increment of nearly 

five-fold.

2.3.7 Dissolution of PBI Powder

The dissolution capability of PBI depends on its molecular weight (M.W.). In the 

case o f M.W. exceeding 100,000, solubility of the polymers in solvents decreases 

unfavorably, thus, preventing PBI from forming membranes. There are several solvents 

capable o f dissolving typical unsubstituted PBI polymers. These include N,N- 

dimethylacetamide (DMAc), N,N-dimethylformamide, dimethylsulfoxide (DMSO) and 

N-methyl-2-pyrrolidone. Other solvents include formic acid, acetic acid, trifluoroacetic 

acid, and sulfuric acid [66],

Although there are varieties of solvents that can be used to dissolve the PBI polymer, 

particular attention must always focus on the difficulty of solvent removal during 

membranes film formation. Thus, strong acids like H2SO4 are obviously not a preferred 

choice since it has a high boiling point and is difficult to eliminate. Besides, solvents that 

have low boiling point can vaporize easily so, for example, trifluoroacetic acid is not a 

good choice because its rapid evaporation rate will make the formation of film difficult.

2.3.8 PBI Membrane Preparation

To date, there are numerous scientific reports available on different techniques that 

can be applied in preparing proton-conducting PBI membranes. Although these methods 

differ from one another, there is one common characteristic for all the methods: the 

basicity of undoped PBI is used to form complexes with strong acids such as sulfuric or 

phosphoric acid. These different methods are briefly summarized here as:
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(i) Solution casting method

(ii) Phase inversion method

(iii) Solution blend method

(iv) Chemical grafting method

(v) Polymer blending method

(i) Solution casting method

In this method, PBI powder is first dissolved in suitable solvents, followed by casting 

of the membranes via heat treatment. After that, protonic behavior is introduced into the 

membranes by immersing PBI membranes into the acid solution. Normally, DMAc [48, 

50, 53, 67] or DMSO [65] is preferentially used. DMAc has a boiling point of about 

166°C [68] while DMSO has a boiling point of 189°C [69],

Since the dissolution of PBI powder is quite a difficult task, especially at low 

temperature, elevated pressure and temperature typically are chosen to increase the 

dissolution rate while ensuring slow solvent evaporation. One suitable condition uses 

mixing of the mixtures (ranging from 5 to 30 wt% of PBI powder) at a temperature above 

the normal boiling point of the solvent, for example, about 25°C to 120°C above the 

normal boiling point, and at a pressure of 2 to 15 atm for a period of 1 to 5 h under 

constant stirring [66], Because high pressure is used, this dissolution technique requires 

use o f a stainless steel bomb reactor.

After dissolving the powder, the solution is filtered and cast onto a glass plate using 

the doctor blade technique. Then, the solution is heat treated to eliminate solvents. After 

elimination of solvent, the membranes can be detached from the glass plate by immersion 

into a water bath. The self-supported membranes are later immersed into acid solution to 

introduce proton-conducting behavior.

No reports describe degassing of the solution after the powder dissolution stage. 

Stirring may introduce air bubbles into the polymer solution during the dissolution 

process. If these air bubbles entrapped inside the solution are not eliminated prior to 

membrane casting, the resulting membranes may have increased porosity.

The doctor blade technique is commonly used in shape forming of polymer solution 

from slurry through its shearing action. When the PBI is in slurry form, it increases the
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handling difficulty. The job of filtering the slurry from powder traces will be more 

difficult compared to use of PBI in solution form. In addition, this technique also requires 

careful control in order to get uniform thickness of membranes. For example, if the 

spreading rate of slurry is not rapid enough, as a result of high viscosity of slurry, spread 

slurry will be ‘pulled away’ by the moving blade, causing non-uniformity in membrane 

formation.

There are different heating treatments reported to prepare self-supported PBI 

membranes using solution casting method. Savinell et al. [48] dissolved the PBI powder 

(20 wt%) by using DMAc and prepared the PBI film by heating the film at 140°C in air 

for 15 min. and later on in a vacuum oven for overnight at 90°C to dry the film. The 

average M.W. of PBI that they used was about 25,000. Glipa et al. [65, 70] vacuumed 

dried the cast solution at 120°C for 5 to 6 h. The authors also mentioned in their articles 

about dissolving the PBI powder under reflux for 2 h, but without giving any specific 

temperature condition. Li et al. (2001) [53] dissolved the powder in a closed stainless 

steel bomb reactor at 250°C for 3 h. They further reported that majority o f the solvent 

was evaporated in a ventilated oven from 80 to 120°C without indicating the effect of 

these different heating temperatures towards PBI film formation and morphology. 

Bouchet et al. [64] on the other hand prepared the membranes by heating the PBI at 

100°C for the first 5 h followed by treatment at 200°C for another 2 h. The authors didn’t 

mention the method they used to dissolve PBI powder.

During doping with acid, few parameters determine the amount of H3PO4 solution 

absorbed into PBI film [51, 62, 65, 70, 71], These parameters include concentration of 

H3PO4 dopant and doping time. Glipa et al. [65] only investigated the acid concentration 

and ionic conductivity of H 3 P O 4  and H2SO4 in PBI membranes after 1 h and 16 h at room 

temperature, but did not investigate the variation of acid uptake with time and 

temperature. Li et al. [53] only studied the H3PO4 uptake with concentration of H3PO4 

dopant at room temperature for 4 to 5 days. No effort was done to determine exactly 

when the concentration equilibrium would be established.

On the other hand, Xing et al. [71] investigate the variation of ionic conductivity as a 

function of doping time (after 250 min. and after 10 days) in different acids with 

dissimilar concentration at room temperature, but no determination of acid doping uptake
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with time was done. Savinell et al. [51] mentioning of doping in 11 M H3PO4 for at least 

24 h to get 5 mol H3PO4 per repeat unit. At the same time, Hasiotis et al. [62] have 

studied the H3PO4 uptake in their polymer blending of sulfonated polysulfone and PBI 

(-25,000 M.W. from Celanase) in room temperature and temperatures higher than 80°C.

(ii) Phase inversion method

In this method, PBI solution is coagulated at an interface between the PBI solution 

itself and non-solvent (present in excess). This non-solvent contains strong acids like 

H3PO4. One typical example is 50 wt% H3PO4 in alcohol solution. Normally, the PBI 

slurry is cast first, then it is directly immersed into the non-solvent where doping and 

coagulation of PBI into solid film happens concurrently. The doping amount and 

elimination of solvent are determined by immersion time [72],

This method produces a completely different morphology from the solution casting 

method, because the interaction between non-solvent molecules and PBI slurry leads to 

the formation of porous membranes. These pores at the same time became filled with the 

acid solution. Removal o f the residual non-solvent during the drying step collapses the 

porous structure, entrapping the acid and forming dense film. Nonetheless, no attempts 

have been done to ascertain the density, especially after heat treatment.

(iii) Solution blend method

In this method, blending of a fixed amount of strong acid and PBI are done in the 

same solvent. The solvent used is required to dissolve not only the imidazole ring- 

containing polymer and the dopant, but also the acid doped polymer produced. Thus, 

solvents such as DMAc, DMSO and N-methyl-2-pyrrolidone cannot be used because 

they produced acid doped polymer with low solubility. The preferred choice is 

trifluoroacetic acid solvent [73], which has a normal boiling point o f 72°C [74], A doped 

polymer having a slightly higher conductivity is obtained from this method, compared to 

the solution casting method, even though the conductivity o f membranes still originated 

from doping with H3PO4. The cast film was heated at 140°C in air for 15 minutes to get 

self-supported membranes. Attempts to repeat this procedure at the reported temperatures
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produced cracked membranes. This is because trifluoroacetic acid has a high vapor 

pressure.

(iv) Chemical grafting method

In this method, an unsubstituted PBI is first reacted with lithium hydride to produce 

PBI anions. Then, the anions are reacted with a substituted or an unsubstituted alkyl, aryl 

or alkenyl methyl halide to produce N-substituted alkyl, aryl or alkenyl PBI polymer 

[75], The ionic conductivity of the substituted polymer depends on the SO3H that are 

attached to the alkyl, aryl or alkenyl groups. The control o f sulfonation is therefore, in 

principle, possible at two stages: by the extent of activation of the polymer (number of 

N -H  groups ionized), and by the degree of chemical substitution of the activate sites [76],

By chemical grafting of sodium (4-bromo-methyl)-benzenesulfonate onto the anions 

form of PBI, Glipa et al. reported conductivity of 10'2 S.cm'1 at room temperature and 

100% humidification for highly sulfonated samples [70], In air, they rapidly and 

irreversibly shrank, and this change in size was accompanied by partial loss of 

conductivity to KT4 S.cm'1.

The drawback o f this method is it involves too many reaction steps in producing 

proton-conducting PBI membranes. Furthermore, those steps are too time consuming. For 

example, the dissolution of PBI powder with lithium hydride was normally carried out in 

DMAc solution for at least 12 hours at 70°C [66], Then, the reaction with grafting agents 

was completed in another 24 to 48 hours. After the reaction, the solution was precipitated 

and purified further. Then, the obtained solids was dissolved again and cast to form 

protonic conducting PBI membranes.

(v) Polymer blending method

In the polymer blending method, undoped PBI was coupled with other polymers 

through chemical grafting. Normally, a mixture of polymers cannot be established 

without specific interactions between polymers. In this method, the basic characteristics 

of PBI are changed by interacting it with acidic polymers. Upon mixing of an acidic 

polymer solution with basic PBI polymer in a suitable solvent (e.g. DMAc), the 

interactions between the two polymers occur by formation of hydrogen bonds and by
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proton transfer from the acidic polymer to the basic polymer. Examples of acidic 

polymers include sulfonated poly-(2,6-dimethyl-l, 4-phenylene oxide) and sulfonated 

polysulfones [61, 62],

Although this is a completely different method from the previous case, the ionic 

conductivity is still dependant not on the degree of sulfonation, but mainly on the doping 

level of strong acids after immersion of the blended membranes into an acid bath. 

Furthermore, no significant improvement in tensile strength of blended PBI was found at 

25°C; however, at 150°C a slight improvement was observed [77],

2.4 PHOSPHORIC ACID AS DOPANT FOR PBI

2.4.1 Introduction

Phosphoric acid, also known as orthophosphoric acid, H3PO4 is the building block 

for other phosphate derivatives. One of these derivatives is polyphosphate and another is 

pyrophosphate. Both occur through a condensation process, (thus they are called 

condensed phosphates) in which oxygen atoms shared between PO4 tetrahedral lead to 

the formation of a covalent backbone of P - O - P  linkages [78],

H3PO4 is a tri-basic acid, in which the first hydrogen ion is strongly ionizing, the 

second one moderately weak and the third one extremely weak for ionizing. The 

dissociation constant for each step is Ki=7.1xl0'3, K2=6.3xl0'8, and K3=4 .4 x l0 '13 [78].

2.4.2 Conductivity Mechanism of Phosphoric Acid .

H3PO4 has a high ionic conductivity. This is reflected by its remarkably high 

electrical conductivity, which is 0.04596 S.cm'1 at 25°C. Owing to the high viscosity of 

molten H3PO4, which is about 178 cP at 25°C [79], ordinary Stokesian migration of ions 

cannot explain this phenomenon, even if the compound is considered to be completely 

ionized. Greenwood and Thompson [80] attribute the high conductivity to the existence 

of a protonic chain conduction mechanism, which utilizes the movement of self-ionized 

ions such as H 4 P C V  or H 2 P O 4 '  ions through the highly hydrogen-bonded structure. The 

self-dissociation ofH 3PC>4 can be represented by two equilibrium reactions.
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The f irs t reaction is the rapid autoprotolysis equilibrium while the second reaction is 

ionic self-dehydration, which is slower compared to the first reaction [79]:

2  H3PO4 < F >  H 4 P O / + H 2 P 0 4  

2 H 3 P O 4  O  H 30 + +  H3P2CV

(2 .14)

(2 .15)

Extensive hydrogen bonding has been found to take place in concentrated H3PO4, for 

example 90 wt%. In the crystal structure of the anhydrous acid, the tetrahedral H3PO4 

groups are linked together by hydrogen bonding. At lower concentrations (75 wt% 

H3P0 4 ), the tetrahedral are hydrogen-bonded to the water lattice [78], In a dilute H 3P 0 4 

solution, the major contribution to conductance comes from the Stokesian ion transport, 

which accounts for nearly 0.002 S.cm'1.

The introduction of an ionizing solute other than water into H3PO4 would decrease 

the conductivity of the H3PO4. This is because the addition of alien ions breaks the 

hydrogen-bonded structure of the H3PO4, which results in inhibition of the protonic chain 

structure formation that is necessary for proton hopping [79].

2.4.3 Conductivity of Phosphoric Acid Doped PBI Membranes

Although phosphoric acid doped PBI membranes have been used extensively in fuel 

cells, the reported conductivity data were quite scattered. Wainright et al. [49] reported a 

conductivity value of 2.5 x 10'3 S.cm'1 at 130°C in a dry atmosphere for a PBI membrane 

doped with 338 mol% H3PO4. Fontanella et al. [81] obtained a conductivity o f 4.5 x 10'5 

S.cm'1 for dry PBI doped with 600 mol% H3PO4 at 25°C while Bouchet et al. [64] 

reported an anhydrous conductivity of 7 x 10"6 S.cm'1 at temperature of 30°C and doping 

level o f 305 mol% H3PO4. At the same time, Kawahara et al. [82] obtained ionic 

conductivities of different doping levels, from  1.4 up to 2.9 mol H3PO4 and reported 

conductivity values o f reaching 10'5 S.cm'1 at 160°C for the highest doping level and Li et 

al. [53] reported conductivity of 4.5 x 10'3 S.cm'1 at 25°C and 4.6 x 10'2 S.cm'1 at 165°C 

for 450 mol% doping at R.H. of 80 -  85%. Savinell et al. reported that conductivity for 

501 m ol%  H3PO4 was in the range of 0.01 S.cm'1 to 0.04 S.cm'1 for temperature from  

130°C to 190°C and water vapor partial pressures up to 1 atm [73].
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CHAPTER 3

PBI POLYMER MEMBRANES

3.1 INTRODUCTION

In this chapter, details on the PBI membranes preparation method for the fuel cells 

application in our laboratory will be provided followed by some characterizations of the 

prepared membranes. PBI used was of high M.W. with an average value of 75,000, in 

contrast to PBI membranes prepared by other researchers. Consequently, it was not 

known whether this high M.W. PBI could be dissolved to make solutions from which 

defect-free film could be formed. The capability of high M.W. PBI to absorb strong acid 

has also been investigated.

To prepare PBI membranes, there are several aspects and limitations that need to be 

considered. For the purpose of preparing dense membranes for fuel cells application, the 

solution casting method was chosen because of its preparation simplicity. This method 

does not require utilization of highly sophisticated equipments, is not too time consuming 

and can produce membranes with controlled thickness and uniformity. Preparation 

parameters that had to be carefully controlled including temperature and duration of 

treatment.

The characterization of prepared PBI membranes included morphology studies on 

undoped and doped PBI membranes, the relationship of protonic conductivity behavior of 

H3PO4 doped PBI membranes to temperature under anhydrous conditions, and its stability 

over extended operating times, the thermal stability of H3PO4 doped PBI membranes in 

severe oxidizing and reducing environments, and its permeability to H2 and O2 gases.
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3.2 EXPERIMENTAL PROCEDURE

3.2.1 PBI Membrane Preparation Procedure

Although solution casting was a method that has often been used in preparing PBI 

polymer membranes, the steps and treatments commonly used in earlier reports have 

been adapted to accommodate the equipment limitations existing in our laboratory. The 

first step in PBI membranes preparation is dissolution of PBI powder in DMAc. PBI 

powder used is the product of Aldrich with M.W. of ~75,000, Since one repeat unit of 

PBI has a mass of 308 a.u., this PBI powder has an average of 243 repeat units of PBI in 

one complete chain. This high M.W. PBI differed from those used by Savinell et al. 

(-25,000) [1], Bouchet et al. (-50,000) [2] and Asensio et al. (-27,200) [3], which had an 

average of 81, 162 and 88 repeat units respectively. It was anticipated that it would be 

more difficult to dissolve higher M.W. of PBI, because higher M.W. implies a longer 

molecular chain length. Therefore, a suitable weight ratio between PBI powder and 

solvent for dissolution had to be determined first.

In the first step, PBI powder was dissolved using DMAc (Aldrich) as solvent at 

150°C for about 3 h in a closed Pyrex glass vessel. The main purpose to close the vessel 

was to avoid rapid evaporation of the DMAc solvent, as DMAc has a boiling point of 

166°C at 1 atm. It was discovered that a weight ratio of 1:9 of PBLDMAc effectively 

dissolved the PBI powder. The resulting solution was easily handled and readily filtered 

to provide a solution from which more uniform PBI membranes formation could be 

made, when compared to use PBI in slurry form.

Traces of PBI powder were removed from the PBI solution by filtration using glass 

microfiber filters with a nominal pore diameter of 1.5 pm (Whatman®). The solution so 

obtained was then degassed at room conditions to eliminate dissolved air bubbles and 

thereby prevent them causing defects in PBI film during PBI film formation. To date, 

there are no reports including this advantageous step in the PBI membrane preparation 

procedures. Thus there exists a high probability that earlier membrane morphology was 

not as dense as those in the present study.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The thickness of PBI membranes was controlled by varying the concentration of PBI 

solution, volume of PBI solution, or diameter of casting mold, which was a glass petri 

dish. Teflon was not used because it had poor wettability towards PBI solution. Since the 

PBI/DMAc was in solution form, the doctor blade technique was not used to regulate 

membrane thickness. The drawback of using the doctor blade technique was discussed in 

the previous chapter (Section 2.3.8).

Normally, the thickness of PBI membranes was in the range of 87.5 to 100 microns 

before doping. This was thicker than PBI membranes that were used by Xing and 

Savadogo in their H2-O2 fuel cells [4], who purchased PBI film from Hoechst Celanase 

with thickness of 40 (im before doping. Researchers from CWRU used PBI membranes 

with a typical thickness about 80 pm after doping [1],

The first step in preparation of self-supporting membranes was mild heat treatment. 

For this purpose, the solutions were warmed to dryness in an oven at 80°C for 5 h. After 5 

h, the PBI film was immersed into water solution until the self-supporting membrane 

could be detached readily from the glass surface. The PBI film then was subjected to heat 

treatment at 195°C for more than 12 h to  eliminate residual traces of DMAc solvent.

The last step was doping PBI membranes in acid solution, to ensure protonic 

conductivity. In the present case, since an objective was preparation of protonic 

conducting polymer membranes that can be used under substantially anhydrous 

condition, H3PO4 was preferred over other strong acids like H2SO4. This is because 

H3PO4 can ionically self-dissociate even in the absence of water. Movement of ions is 

essential for conductivity. Doping was done in 85 wt% H3PO4 solution (Aldrich) at 

selected temperatures and doping times. The optimum doping temperature, concentration 

of H3PO4 dopant solution and doping time were systematically varied, and the amount of 

acid doped into the PBI matrix was determined.

After doping, excess acid was removed from the PBI film surface using soft and dry 

tissue. This procedure was repeated until a constant mass was obtained. To determine the 

doping level, this film was dried at 130°C overnight to eliminate structural and hydration 

water from the PBI film.
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The doping levei was defined according to the following formula:

Doping Level
mol% H 3P 0 4 

repeat unit

(WeightuQOc -W eightimal)

W eig h h»mai x 9 B
X 3 0 8 x 1 0 0 %  (3.1)

where W eig h tyc = Weight of acid doped PBI after stabilization at 130°C overnight.

Weightinitial = Initial weight of undoped PBI polymer before doping.

Molecular weight of H3P0 4 = 98 g.mof1.

The elimination of structural and hydration water was performed at 130°C because 

DSC analysis on fresh PBI membranes after doping showed an endothermic heat flow at 

110 to 120°C. By heat-treating the membranes film at this temperature, it was discovered 

that the PBI membranes became less susceptible to cracking during fuel cell operation, 

especially during the temperature elevation from room temperature to over 100°C. The 

elimination of structural water from PBI matrix appeared to be followed by dimensional 

changes in the PBI film. It is suspected that there was movement of the polymer chain 

during this temperature elevation. Consequently, it was essential for the PBI film to be 

stabilized at 130°C overnight before determination of the required doping level. Complete 

DSC analysis on PBI membranes is presented in Section 3.3.5.

3.2.2 Protonic Conductivity Measurements

The protonic conductivity of acid treated PBI membranes was measured in a 

specially designed homemade cell during fuel cell operation. The apparatus for fuel cell 

applications will be described in detail in Chapter 4.

The protonic conductivity o f PBI membranes was measured using electrochemical 

impedance spectroscopy (EIS) from Gamry Electrochemistry instrument, Version 3.20 © 

2000. A 10 mV alternating potential signal was used with frequency ranging from 0.2 Hz 

to 100 kHz across the cell, to measure the alternate current response.

A complex impedance Z(co) was determined and translated into a Nyquist plot, 

which is a plot of imaginary impedance (Y-axis) against the real impedance (X-axis) in a

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



complex plane at different frequencies. The resistance of cell was determined from the 

intercept with the X-axis of the Nyquist plot.

To measure the protonic conductivity of PBI membranes alone, all external factors 

that could contribute towards the overall measured resistance were eliminated.

Rmeasured RpBI Rexternal ( 3 .2 )

The external resistance, R extemai, includes the resistance from external electrical wires, 

resistance caused by bipolar plates, mesh and carbon cloth used as electrodes.

^external Rwires Rbipolar plates Rjnesh Rcarbon cloth ( 3 .3 )

A blank test, without treated PBI membranes, was first carried out under the same 

conditions as the one with treated PBI membranes to measure the external resistance. The 

bulk resistance of PBI membranes was related to the ionic conductivity using the 

following equation:

a P B I _  ~D I  ( 3 '4 )
PBI

where oPBi = Ionic conductivity of membranes.

I = Thickness of membranes.

Rpbi = Resistance of PBI membranes.

A = Area of tested membranes (corresponding to the area of electrode).

3.2.3 Differential Scanning Calorimetry (DSC)

DSC is an experimental technique for measuring the energy required to maintain a 

nearly-zero temperature difference between a specimen, sample S, and an inert reference 

material R, while both samples are subjected to an identical temperature programme [5], 

Referring to Figure 3-1, S and R were enclosed in the same furnace together with a 

metallic block with high thermal conductivity that ensured a good heat-flow path between 

S and R. The enthalpy or heat capacity changes in the specimen S led to a temperature 

gradient relative to R. As a result, heat flow occurred between S and R. The temperature
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difference, AT, between S and R  was then recorded and further related to the enthalpy 

change in the specimen after calibration.

Heat-flux plate Hea‘‘ ; coil

o
o
o
o
o

Sample (S) Reference R
o
o
o
o

t AT
Thermocouple

Inert gas

Figure 3-1 Illustration ofDSC analyzing method (Nicula, 2000).

In a heat flux DSC instrument, the difference in energy required to maintain both S 

and R  at the same temperature is a measure of the energy changes in the test specimen S 

relative to the inert reference R. The temperature difference AT that developed between S 

and R  was proportional to the heat flow between the two [6], In order to detect such a 

small temperature differences, it was essential to ensure that both S and R were exposed 

to the same temperature programme.

DSC was used to evaluate the thermal endurance of PBI membranes. It measured the 

amount of energy absorbed (endothermic heat flow) or released (exothermic heat flow) 

by undoped and doped PBI membranes during a controlled program of increasing 

temperatures. Any physical or chemical changes to PBI were shown by this analysis.
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3.2.4 Gas Permeation Test

Permeation tests for H 3 P O 4  doped PBI membranes as well as dry and untreated 

Nafion™ membranes were carried out using a homemade permeation test system, for 

both hydrogen and oxygen gases. Permeability of membranes refers to the dependence of 

flux towards the differential o f pressure between feed side and permeate side. It has the 

unit of mol. s'1, m'1.Pa'1.

„  ,...  M x l  _.
Permeability = ---------  (3.5)

A x A P

where M  = Molar flowrate of permeating gas (mol. s'1). 

AP = Pressure difference (Pa).

Silicon black, which can withstand temperatures up to 200°C, was used as sealant in 

all tests. The test system consisted of two separate cylindrical stainless steel tubes, which 

had coaxial streams for both gas inlet and outlet. One of these tubes was reserved for the 

feed, where hydrogen or oxygen gases entered, while the tube attached to the opposite 

face o f the membrane was for helium gas, which acted as sweeping gas. Specimens, 

either PBI or Nafion™ membranes, were inserted between these two tubes and sealed so 

that no leaking occurred.

To ensure no gas leak, before every permeation test the gas pressure at the feed side 

was increased to about 5 psig or higher and maintained at that value for several minutes, 

typically about 5 min. If, after 5 min., the pressure had not changed, then, no gas leak had 

happened.

Thus, any hydrogen or oxygen gas detected in the permeation side during the 

permeation tests using G.C. had resulted from permeation of the feed gases through the 

membranes. Figure 3-2 shows the gas permeability apparatus.
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Figure 3-2 Experimental setup for gas permeability measurements.

3.3 RESULTS AND DISCUSSION

3.3.1 PBI Membranes Formation

3.3.1.1 Effect of PBI Solution Concentration on M embrane Formation

DMAc was utilized as solvent in casting PBI membranes from solution. A ratio of

9:1 by weight o f DMAc to PBI powder was adopted because of the following effects:

i) A combination of 1 atm pressure and heating temperature of about 150°C can 

easily dissolve PBI powder. It took less than 2 h to completely dissolve PBI 

powder into solution, even though dissolving high M.W. PBI powder was not 

an easy task. Previous attempts to dissolve the PBI powder at a temperature of 

60°C for more than 5 days did not effect the dissolution of PBI powder.

ii) This ratio enabled easier handling of PBI solution. Since it was in solution 

form and not too viscous, it was not necessary to regulate the thickness using 

the doctor blade technique. As mentioned before, the doctor-blade technique 

could cause inhomogeneous thickness if the spreading of PBI slurry was not
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done properly. Instead, in solution form, it was only necessary to make sure 

that the floor of oven compartment was leveled before drying the solution.

iii) A lower weight ratio of DMAc:PBI powder would have increased the powder 

dissolution difficulty. DMAc can dissolve PBI powder up to approximately 25 

wt% PBI powder in 75 wt% DMAc solution, but the resulting mixture would 

be in slurry form and very viscous due to the high concentration.

iv) A lower ratio also increased the handling difficulty, especially during casting. 

It became increasingly difficult to filter away remaining PBI powder traces 

from PBI solution before casting due to the high viscosity. High viscosity also 

increased the difficulty of elimination of air bubbles from PBI solution, which 

were induced during PBI dissolution as an effect from stirring. If the air 

bubbles were not eliminated, it affected the membrane’s morphology.

v) A higher ratio was not economic, because of use and then evaporation of 

excess solvent.

3.3.1.2 Effect of Temperature on Membranes Formation

DMAc has a boiling point of 166°C at 1 atm. To ensure that PBI film formed was 

free from DMAc solvent, a suitable heat treatment program was used. The heating 

temperature was high enough to evaporate DMAc, while maintaining film integrity. The 

membrane morphology must be dense and impermeable to gases. In fuel cell 

applications, it is essential to have an effective separation between gases in the anode and 

cathode compartments.

By applying an initial heating temperature of 80°C for 5 h after raising the 

temperature at 1.5°C.min‘1 from room temperature, a dense, self-supporting homogenous 

film with a superior morphology was formed. The density was proven using gas 

permeability tests, which will be presented later (Section 3.3.6). Further investigation 

revealed that at 80°C, after continuous heating for 5 h, the majority of the solvent had 

evaporated, as shown in Figure 3-3. After this period, continuous heating at 80°C did not 

remove residual traces of DMAc solvent. So, in order to eliminate the solvent residual 

traces, a higher temperature than the boiling point of DMAc solvent was used.
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Figure 3-3 Variation of cumulative changes in PBI solution weight (wt%) as a function of

time at 80°C.

A temperature of 195°C and continuous heating for overnight has been used to 

eliminate the final traces of DMAc solvent. Since DMAc has good solubility in water, it 

was expected that, during doping with acid solution, any DMAc solvent still present in 

small amounts would be eliminated entirely from the PBI film [7],

It was also undesirable to subject the PBI solution directly to a drying temperature of 

100°C or higher, as had been done by other investigators. It was found that films 

produced using high heating temperature were inhomogeneous, visible to the naked eyes 

as different colors at different parts of the membranes. Inhomogeneous membranes had 

different thickness in different parts of the membranes. Normally, the membrane’ s center 

was thicker than the membrane’s side. As the side of membranes was thinner, it had 

lower mechanical strength. The rapid heating rate also increased the solvent evaporation 

rate. Theoretically, the membrane should have been more porous than when using slower 

solvent evaporation rates. A slow evaporation rate ensured uniform solvent evaporation 

from the surface of PBI solution.
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3.3.2 Effect of H3PO4 Doping on PBI Membranes

The undoped PBI membranes had typical thickness of 87.5 to 100 microns. These 

PBI membranes had very good mechanical properties in hydrated form. However, in the 

dry state, undoped PBI membranes became brittle and inflexible, making these 

membranes vulnerable to cracking.

Before doping, PBI membranes had insignificant ionic conductivity. Therefore, to 

convert undoped PBI into protonic conducting polymer membranes, they were doped 

with strong acid. H 3 P O 4  was chosen because it is the only widely recognized low vapor 

pressure proton conductor in the 100 - 200°C range with high conductivity. Another 

advantage of doping PBI with H 3 P O 4  was the improvement in mechanical properties. 

This was because under anhydrous conditions where undoped PBI normally dried up and 

became brittle, acid doped PBI remained flexible.

After doping with H3PO4, the excess acid was removed by adsorbtion into soft, dry 

tissues. It was very important not to remove excess acid from PBI surface with water or 

polar solvents like alcohols after doping. The dimensions of the membranes contracted 

greatly on drying, especially when alcohols were used to clean the PBI membranes 

surface. Furthermore, during heating at 130°C to determine the doping level, these PBI 

membranes became brittle and cracked easily. As the dimension of PBI membranes 

changed easily, this showed that H3PO4 doped PBI membranes were still amorphous 

polymer and no cross-linking between chains had occurred. By removing the excess acid 

using these polar solvents, the free H3PO4 molecules were pulled from PBI matrix. As a 

result, PBI membranes contracted.

Normally, the thickness of PBI membranes increased to about 100 to 125 microns 

after doping and the membranes were very flexible compared to their brittle nature before 

doping. Only flexible membranes were used in fuel cells, to avoid cracking of 

membranes during fuel cells operation.

In this study, I determined whether the PBI membranes, with an average M.W. of 

75,000 had the same H3PO4 uptake capability as that reported by previous authors. This 

was important since H3PO4 was responsible for protonic conductivity. If  the PBI
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membranes with -75,000 M.W. had not been able to absorb acid well, then the 

membranes could not be used in fuel cells.

Figure 3-4 shows the variation o f  H 3 P O 4 /P B I  doping level with the concentration in 

H3PO4 dopant solution. The data were obtained after an immersion period of at least 3 

days under ambient conditions. The amount of H 3 P O 4  absorbed into the polymer matrix 

increased with concentration o f  H 3 P O 4  dopant solution. Acid absorption was rather low at 

low concentration of H3PO4. This result is in good agreement with results reported by Li 

et al. by using low M.W. PBI [8 ], Thus, it was shown that the molecular chain length 

played a relatively minor role in determining the acid uptake ability of PBI membranes.
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Figure 3-4 Variation in amount of H3PO4 doping level with concentration ofFLPCL

dopant solution.

Referring to Figure 3-4, a doping level of about 470 m o l %  of H3PO4 per repeat unit 

was obtained using 70 wt% concentration of H3PO4 dopant. At higher concentrations, 

there was a sudden increase in the amount of H 3 P O 4  absorbed. In the 85 wt% H3PO4 

dopant solution, a doping level of 1050 m o l %  o f  H 3 P O 4  per repeat unit was achieved. The
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increase o f concentration in acid dopant that resulted in greater acid absorption provided 

a larger driving force for diffusion o f  H 3P 04 into the PBI matrix.

By f ix in g  the H 3PO 4 dopant at certain concentration levels, the effect of doping time 

and temperature on the total amount of acid solution absorbed into the PBI film was able 

to be determined. After a sufficient doping time, a dynamic equilibrium was established 

between the H 3PO 4 acid inside the PBI film  and the solution o f  H 3PO 4 dopant.

Referring to the graphs depicted in Figure 3-5, the doping time had a close 

correlation with temperature of H3PO4 solution dopant. As shown in Figure 3-5 (a), at 

ambient conditions, more than 20 h were needed for PBI film to reach doping equilibrium 

with 85 wt% H3PO4 solutions. Researchers from CWRU doped their PBI f i lm  by 

immersion into 11 M H 3PO 4 (-75 wt%) for at least 24 h to produce an equilibrated PBI 

membrane, consistent with the present results obtained for 85 wt% concentration.

Figure 3-5 (a) also shows that different acid uptakes could be obtained at different 

PBI membranes doping times. After nearly 6 h of doping, a doping level of 400 mol% 

H3PO4 per repeat unit of PBI was obtained.

Prolonged immersion of PBI membranes in the dopant solution increased the amount 

of H3PO4 absorbed into the PBI. After 10 h, a doping level o f 600 mol% of H3PO4 per 

repeat unit of PBI was obtained. The doping level kept increasing until it reached above 

1000 mol% after nearly 20 h. Then, further doping time did not increase significantly the 

doping level, as at this point equilibrium had been established. After 21 - 22 h, further 

doping did not result in higher doping levels. So, further doping at room temperature was 

not necessary.
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Figure 3-5 Effect of doping time and doping temperature on doping level.
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Hasiotis et al. [9] described doping their blended PBI by immersion into H3PO4 

solution (85 wt%) sequentially at temperatures of 80°C and 130°C. I found that 

incrementation of doping temperatures above 60°C was unfavorable since, at high H3PO4 

concentration (85 wt%), a higher solution temperature caused dissolution of some of the 

PBI into the acid solution. Consequently, it is possible that the membranes that they 

developed were partly dissolved during doping at high temperature. Nevertheless, doping 

at higher temperature increased the doping rate, as reported by Hasiotis et al. for their 

blended PBI membranes. When I carried out doping at 60°C, the doping time was 

reduced greatly compared to doping at room temperature, as shown in Figure 3-5 (b). 

Equilibrium was established after about 1 h instead of 24 h. So, higher temperatures had 

enhanced the doping rate.

The optimum conditions for preparing protonic conducting PBI membranes were 

determined by carefully manipulating doping time with fixing both acid solution 

concentration at 85 wt% and doping temperature at 60°C. Savadogo et al. [10] reported 

doping times of up to 10 days at room temperature for PBI membranes used for H2-O2 

fuel cells. In contrast, we were able to control doping levels by treating PBI film at 60°C 

within 1 h, thus saving preparation time.

Although a higher doping level was desirable for enhancement of ionic conductivity, 

the mechanical property of PBI film deteriorated if the doping level was too high. 

Typically, 500 mol% to 600 mol% doping levels did not cause adverse effects on PBI 

film’s mechanical strength. Whenever very high doping levels of PBI membranes were 

used (> 1000 mol% per repeat units of PBI), the mechanical properties of the PBI 

membranes deteriorated. The film obtained was soft, even at room temperature, although 

it remained in the solid state. During fuel cell operation, the heavily doped membranes 

suffered cracking, especially at elevated temperatures, as the membranes became even 

softer.
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3.3.3 Morphology of PBI Membranes

The morphology of PBI membranes has been studied using optical microscope 

(Olympus PME 3). The objective of this study was to have a better understanding of the 

type o f PBI membranes morphology that were produced through the solution casting 

method. Savinell et al. [11] reported the formation of single-phase PBI membranes after 

doping, but this was expected since concentrated H3PO4 is itself a solvent for PBI.

There were no published PBI morphology studies. Furthermore, different heating 

temperatures and casting methods were used to prepare PBI membranes. Hence, it was 

particularly interesting to investigate whether the solution casting method produced 

membranes that were homogenous at microscopic level, and the effects of acid doping on 

membrane morphology. The suitability of the temperature treatment used during casting 

was dictated by the need for dense morphology and no visible macropores, normally 

termed as pinholes. Several figures depicting membrane morphology of untreated PBI 

membranes and doped membranes after treatment with H3PO4 are presented in this 

section. Figure 3-6 shows the morphology of PBI membranes at two different locations, 

before treatment with H3PO4. Both show dense microstructure with some visible 

micropores. No pinholes were observed on membranes prepared at the heating 

temperature that I used.

I------------------------------- ^ ,  , s ,  '

(a) Morphology of undoped PBI membrane.
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(b) Morphology of undoped PBI membrane at different locations.

Figure 3-6 Magnified undoped PBI membranes morphology by optical microscope at two

different locations (200A).

At greater magnification, the most visible pores that were detected by optical 

microscope, with 500Xresolution, were about 1.2 pm in diameter (Figure 3-7).

From optical microscope analysis, the membranes produced from this casting 

method were shown to be homogeneous with identical microstructures, based on 

observations done at several different locations. Although membrane surface morphology 

was not able to be ascertained fully using optical microscope analysis, it was expected 

that membrane morphology on the surface facing the base of the petri dish would be 

denser compared to the top surface. This was because the solvent evaporation rate was 

faster at the top surface, which was exposed to the heated surrounding atmosphere, 

resulting in more micropore formation.

The PBI membranes that were cast using the solution casting method were found to 

have morphology comparable to that of commercial Nafion™ polymer membranes. 

Figure 3-8 shows the morphology of Nafion™ membranes under a magnification of 

1Q0X. Referring to this figure, it is obvious that commercialized Nafion™ membranes has
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a structure which is quite coarse and not smooth like the present PBI membranes. It also 

exhibits a significant number of tiny micropores.

«i L » c  

 1

■ ■
^  «■2 pm

Figure 3-7 The most visible pores that were detected by optical microscope at a

magnification of 500X
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Figure 3-8 Membranes morphology ofNafion™ membranes (lOOJQ.
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Figure 3-9 Morphology of PBI membranes after doping (10(XY).

To determine the effect of doping on the morphology of PBI membranes, the 

morphology of undoped membrane was compared with the same membrane after H3PO4 

doping at 85 wt% acid concentrations and removal of excessive acid from the membrane 

surface using tissue paper. Figure 3-9 shows the membrane morphology after doping, at a 

magnification of 100X  It shows the difference in morphology after doping with H3PO4, 

when compared to that before doping (Figure 3-6). Figure 3-9 shows the formation of a 

thin layer of H3PO4 on the PBI membranes surface. This thin layer formation has 

prevented PBI membranes from being directly exposed to severe conditions, especially 

during fuel cell operation at elevated temperature. Therefore, doping improved the 

thermal stability of PBI membranes, because the membranes were protected by this thin 

phosphate layer.

3.3.4 Ionic Conductivity in PBI Membranes

There were several reasons for determining the ionic conductivity o f membranes. 

One of the reasons was the wide range of values reported for ionic conductivities of 

doped PBI membranes by previous researchers (Section 2.4.3). Furthermore, no data
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were available on the conductivity of H3PO4 doped PBI membranes for temperatures well 

over 200°C. Possible reasons for the lack of data include the decomposition of H3PO4 to 

form pyrophosphoric acid and polyphosphate by the elimination of water at temperatures 

above 200°C. This decomposition reaction would affect the conductivity of PBI 

membranes, although it was not known to what extent, nor the stability o f conductivity 

with time.

3.3.4.1 Effect of Doping Level on PBI Membrane Conductivity

In the H3PO4/PBI system, the ionic conductivity of the membranes came from H 3 P O 4  

bonded within the polymer matrix. Therefore, a higher content of H3PO4 inside the PB I 

matrix would be expected to enhance the conductivity of H3PO4 doped P B I membranes. 

The effect of H3PO4 doping levels on conductivity of PB I membranes was investigated as 

a function of temperature under anhydrous conditions and data are presented in Figures 

3-10 (a) and (b). Figure 3-10 (a) shows results obtained for 213 mol% doping level while 

Figure 3-10 (b) shows results for 335 mol% doping level.
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(a) Conductivity of H 3 P O 4 / P B I  membranes at 213 mol% doping.
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(b) Conductivity ofthPO/i/PBI membranes at 335 mol% doping.

Figure 3-10 Effect of doping level on conductivity of H3PO4/PBI membranes as a 

function of temperature under anhydrous conditions.

Referring to Figure 3-10 (a), a low doping level, around 213 mol% H3PO4, produced 

PBI membranes with poor conductivity, which were about 10"6 S.cm' 1 at room 

temperature and increased to about 4.0 x 10' 5 S.cm"1 at 150°C.

A higher doping level, approximately 335 mol% doping enhanced the conductivity 

of H3PO4 doped PBI membranes. At room temperature, the conductivity o f membranes 

was again poor, about 10'5 S.cm'1, one order higher than the 213 mol% doping. But at 

higher temperatures, especially above 100°C, the conductivity improved to IQ'3 S.cm'1 

levels (Figure 3-10 (b)).

Although 335 mol% doping level exhibited higher conductivity, both PBI 

membranes with the specified doping levels were not suitable for use in fuel cells because 

of the low current densities obtained. For H2-O2 fuel cell operation, low internal 

resistance, about 0.2 to 0.4 Ohm, with conductivity of membrane about 10"2 S.cm'1 is a
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prerequisite for high current flow (> 100 mA.cm'2). Therefore, a higher doping level of 

H 3 P O 4  w a s  needed.

A previous report by Li et al. [8] described membranes with doping levels of 500 

mol% to 600 mol% that exhibited good mechanical properties up to 200°C. Figure 3-11 

shows the ionic conductivity variation of 550 mol% H3PO4 doped PBI membranes with 

temperature under anhydrous conditions.
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Figure 3-11 Ionic conductivity as a function of temperature under anhydrous condition 

(Doping level = 550 mol%), after stabilization for 2 to 3 h.

Typically, at temperatures below 80°C, PBI membranes exhibited poor conductivity, 

in the 10'3 S.cm'1 level. At room temperature, the conductivity was only about lO"4 

S.cm'1. The increase in temperature showed a beneficial effect towards the improvement 

of ionic conductivity. At about 80°C, the ionic conductivity reached nearly 10'2 S.cm'1 

level and further increases in temperature resulted in even higher conductivity. The
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enhancem ent o f  ionic conductivity is attributed to enhanced self-dissociation o f  H3PO4 to 

ions a t tem pera tu res higher than 100°C.

Nonetheless, drying up of membranes and condensation of H3PO4 to form 

pyrophosphoric acid and then polyphosphate in the region above 185°C resulted in drop 

in conductivity. The ionic conductivity of these membranes was still in the 10' 2 S.cm-1 

level, even at temperature as high as 250°C, which was acceptable for fuel cell operation. 

Membranes with conductivity of at least 10'2 S.cm'1 gave a better cell performance. 

Consequently, since PBI membranes with 550 mol% doping level exhibited very good 

ionic conductivity, all fuel cell conducted herein used PBI membranes with doping levels 

ranging from 500 mol% to 600 mol%.

At temperatures above 200°C, self-condensation of H3PO4 forming pyrophosphoric 

acid by water liberation was strongly favored [12, 13], Figure 3-12 shows that formation 

of pyrophosphoric acid and polyphosphate by elimination of water molecule formed 

P -  O -  P bonds.

H + H2P 0 4"

Figure 3-12 Illustration showing formation of polyphosphate chains inside PBI.
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The elimination of OH groups contributed to the lower protonic conductivity 

behavior at high temperatures, because there w ere fewer acid sites available for proton 

hopping. This P -  O -  P polymer bond was stable, and dissociation into protonic ions 

thereafter became more difficult. Elimination of water meant that the amount of H2PO4' 

anion decreased. Thus, fewer ions were available to act as donors and acceptors in proton 

transfer.

S .3 .4 .2  Conductivity Stability of PBI Membranes

PBI membranes with high doping levels o f 500 mol% to 600 mol% showed high 

conductivity (> 10'2 S.cm'1). Results presented in the previous section were obtained for 

the conductivity of PBI membranes in the first few hours in anhydrous condition after 

stabilization at each temperature. The conductivity stability of PBI membranes for 

extended periods was another important parameter that needed to be determined. The 

conductivity of PBI membranes, especially at high temperatures (> 200°C), always 

dropped after prolonged use, as shown in Figure 3-13.
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Figure 3-13 Conductivity versus time at 250°C under anhydrous conditions with doping

level of 505 mol% H3PO4.
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Figure 3-13 shows that, at 250°C under anhydrous condition, the conductivity of PBI 

membranes was not stable. After 24 h, conductivity dropped from 10'2 S.cm'1 to 10"3 

S.cm'1. This showed that the conductivity of PBI membranes was still influenced by 

water vapor because, as PBI membranes were subjected to high temperature, more and 

more water was eliminated from H3PO4 to form polyphosphate over time. Nevertheless, 

the conductivity had only dropped one order of magnitude under these conditions, and so 

was far superior when compared to the conductivity exhibited by Nafion™ membranes, 

which depend strongly on R.H.

Through operation of these membranes in H2-O2 fuel cells, it was found that an 

option for maintaining the conductivity of H3PO4 doped PBI membranes was by 

humidification of the membranes resulting from water formation when a small current 

flows in the cell (Figure 3-14).
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Figure 3-14 Conductivity stability versus exposure time at specified temperature with 

fuel cells working at 50 mA (Doping level ~ 500 mol%).
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Figure 3-14 shows that by running H2-O2 fuel cells at 50 mA, the conductivity of 

PBI membranes with doping level of approximately 500 mol% at both 153°C and 182°C 

was maintained at 10'2 S.cm-1 levels, even after continuous use for 24 hours. Running the 

fuel cells ensured continuous production of water vapor in the cathode compartment. This 

water vapor was absorbed by H3PO4 doped PBI membranes, due to their hygroscopic 

nature, and thus maintained the membranes’ conductivity.

An alternative method for maintaining the conductivity of PBI membranes was by 

humidifying the membranes with water vapor. A humidified PBI membrane was tested 

for conductivity stability at 250°C. Higher temperature not only favored rapid reaction 

kinetics, but at the same time also produced steam of ‘high quality’, if co-generation is 

implemented during fuel cell operation. H3PO4 doped PBI membranes exhibited good 

ionic conductivity at 250°C under conditions of slight humidification (Figure 3-15). This 

result was repeatable, and was confirmed during operation of hydrocarbon fuel cells 

(Chapter 5) at 250°C for several days. The data herein are a single, representative set 

from the accumulated data for a doping level of approximately 550 mol% H3PO4.
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Figure 3-15 Stability of conductivity with time at 250°C, with water vapor activity of 

0.0016 at both anode and cathode compartments.
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Referring to Figure 3-15, the first data point was obtained after 2.5 hours at 250°C 

under anhydrous conditions. Addition of water vapor to the feed at temperature of 25°C 

slightly improved the ionic conductivity of PBI membranes. This was reflected by the 

second data point. Clearly, the conductivity of PBI membranes was stable under these 

conditions. After continuous operation for about 3 days, conductivity had only dropped 

slightly from 0.032 to 0.025 S.cm'1. The conductivity stability shown by PBI membranes 

in this condition was indeed remarkable, considering that this membrane is humidified at 

water vapor activity of only 0.0016. During fuel cell operations, the continuous 

generation of water vapor at the cathode side enhanced and maintained the conductivity 

of the membranes.

33.4.3 Conductivity Mechanism inside H3PO4/PBI System

There are variety of opinions concerns the proton conduction mechanism in the PBI 

membranes. Conduction o f  H 3 P O 4  inside PBI polymer has been reported to occur through 

proton hopping along the network of phosphate ion chains instead of segmental motions 

via the polymer chain [14, 15],

Since the conductivity of PBI membranes depends on free H 3 P O 4  for good ionic 

conductivity, there is reason to believe that the proton conduction mechanism inside PBI 

membranes follows the same conduction mechanism as was found in concentrated H3PO4 

solution (Section 2.4). In section 3.3.4.1, it was shown that low doping levels produced 

poor ionic conductivity. At low doping level, no free H3PO4 existed inside the polymer 

matrix since there was a high possibility that all H3PO4 was bonded to the available 

nitrogen sites o f the polymer chain. With 500 mol% doping, 2 mol o f H 3 P O 4  are bonded 

to PBI to form the phosphate-PBI complex with strong interactions between them. The 

other 3 mol of acids are free acids, which are hydrogen-bonded to each other, and further 

hydrogen-bonded to the phosphate complex to form a network of H3PO4 chains.

Since low doping levels produced unsatisfactory membrane ionic conductivity, it 

was reasonable to conclude that there was no direct proton hopping between N -H  sites. 

According to Li et al. [8], the average H3PO4 to H3PO4 distance was too large for proton 

hopping to occur at low doping, unlike at high doping levels when the average H 3 P O 4  to

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



H3PO4 distance was small in comparison to the N-N separation between the imide 

groups, and thus the close distance allowed proton hopping between the anions.

Figure 3-16 is provided to illustrate schematically proton hopping during proton 

conduction in H 3 P O 4  doped PBI membranes with a doping level o f 500 mol% H3PO4. 

H3PO4 forms a network of acid chains inside the PBI polymer that connect one repeat 

unit to the other repeat units. Excess protons, from fuel cell operation, will be hydrogen 

bonded to one molecule of H 3 P O 4 .  This proton will then hop to its neighboring H 3 P O 4 .  

Thus, transport of proton has taken place.

O HOH O
HO P H

HO OHHO OH
HO OH

Figure 3-16 Proton hopping from one acid site to its neighboring acid at 500 mol%

doping level.

From the conductivity measurements, PBI membranes with doping level of 200 

mol% had poor membrane conductivity during fuel cells operation. This was because the 

2 mol of H3PO4 acids in one repeat unit of P B I were chemical bonded to imide groups to 

form the P B I complex, and thus were weaker in terms of further ionizing ability. Without 

the presence o f free H 3 P O 4 ,  the conductive network of phosphate chains was not formed.

It was very important to keep treated P B I membranes away from liquid water, since 

H3PO4 inside the P B I membranes was highly hygroscopic and so had high affinity  for 

water. Liquid water, if present in excess, pulled out the free acid from the P B I matrix. As 

a consequence, it caused a drop in membrane conductivity. Operation of fuel cells which 

utilized PBI/H3PO4 acid membranes was thus preferably carried out under conditions that 

were liquid water free. Nonetheless, the presence of water vapor was highly favorable for
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conductivity o f H 3 P O 4  doped PBI membranes, because water was required to minimize 

formation of condensed polyphosphates.

3.3.5 Therm al Stability of PBI Membranes

The majority of previous thermal stability studies conducted on PBI membranes 

were carried out using Thermal Gravimetric Analysis (TGA) methods. Furthermore, most 

of the analysis was only done on fresh H3PO4 doped PBI membranes. Comparisons were 

then made to see the effect of doping towards chemical stability of PBI, without 

consideration of the exposure time. To date, only Samms et al. [16] have reported 

analyzing thermal stability of acid doped PBI by heating in TGA while in an atmosphere 

of either nitrogen or 5% hydrogen (nitrogen balance), or air. There are no reports of any 

efforts to investigate the thermal stability of PBI membranes under severe reducing (pure 

H2) and oxidizing environments (pure O2). Furthermore, no data are provided on PBI 

membrane stability when kept under these conditions for extended periods.

Thus the objective of this study was to determine the thermal stability of PBI 

membranes under these severe environments during operation at 250°C. DSC analysis 

was performed to study the thermal stability of PBI membranes. The measurements were 

conducted under an atmosphere of N2 and a temperature programme of 10°C.min"1. 

Comparison was made between PBI powder before casting, fresh PBI membranes after 

doping with H3PO4 and PBI after prolonged operation in fuel cell at 250°C.

Pure PBI, in powder form had remarkable thermal endurance (Figure 3-17). PBI 

powder showed an endothermic heat flow peak at about 118°C. This peak was assigned 

to the heat absorbed to evaporate water from PBI powder. The analysis confirmed that 

pure PBI powder indeed has the ability to retain water strongly. This water originated 

from the moisture in atmosphere. It happened as a result of long-term exposure as PBI 

powder was only stored under normal room conditions. There was no further chemical 

degradation up to 500°C. In addition, there was no obvious Tg peak. A small peak was 

observed around 420°C that may indicate a phase transition.
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Figure 3-17 DSC analysis on pure PBI powder.

Figure 3-18 shows the DSC analysis of fresh H3PO4 doped PBI membranes under the 

same conditions. Two peaks were detected. The first peak at 104°C was attributed to the 

loss o f water from the fresh PBI membranes. This water was either structural water or 

hydration water from H3PO4 because, as mentioned earlier, H3PO4 is a highly 

hygroscopic material that absorbs and retains water.

In addition, condensation of H3PO4 also occurred to produce water through the 

formation of pyrophosphoric acid. However, it was expected that the contribution from 

this process would be small at this low temperature. This endothermic heat value was 

greater than the endothermic heat that was absorbed by untreated PBI powder at the same 

peak, showing that a greater amount of water was eliminated from treated PBI 

membranes.
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Figure 3-18 DSC analysis on fresh H3PO4 doped PBI membranes.

A second endothermic heat peak was observed at 191°C, consistent with extensive 

formation of pyrophosphoric acid and polyphosphate by condensation reactions. The 

elimination of water to form pyrophosphoric acid and polyphosphate at this high 

temperature was consistent with the drop in ionic conductivity o f PBI membranes 

reported in the previous section. No other peaks were observed, showing that treated PBI 

membranes had similar thermal stability to the untreated PBI in powder form.

The analysis shown in Figure 3-19 was conducted on one of the H3PO4 doped PBI 

membrane after used in a fuel cell under severe operating conditions. The membranes 

analyzed had been exposed to highly oxidizing (pure O2) and reducing environments 

(pure H2 or a hydrocarbon such as ethane) continuously for about 5 days, at 200°C for 2 

days then to 250°C for 3 days. The membrane after fuel cell use, had been left under 

ambient conditions for a period of time before DSC analysis, and so had absorbed 

moisture from the atmosphere. Thus the DSC analysis again showed loss of adsorbed 

water from these PBI membranes at both 110°C and 193°C. No other chemical 

decomposition reactions occurred, even up to 400°C. Thus I showed that H 3 P O 4  doped
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PBI can withstand use under severe operating conditions, and did not undergo any 

chemical degradation at 250°C during continuous operation for more than 5 days. If such 

membranes were not stable, the DSC analysis would not have shown the same analysis as 

had been found for the fresh acid doped PBI membranes.
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Figure 3-19 DSC analysis on H3PO4 doped PBI membranes after use in a H2-O2 fuel cell.

From all the DSC analysis presented here, I conclude that both new and used H3PO4 

treated PBI membranes possessed high thermal stability. The only losses o f water from 

PBI occurred at temperatures ranging from 100 to 200°C, and no other chemical 

degradation happened up to 400°C. The stability of treated PBI membranes during fuel 

cell application at 250°C was proven by the analysis on the used membranes, which had 

been exposed to severe oxidizing and reducing environments for 5 days. Again, no 

chemical degradation was observed from DSC analysis of this film.

3.3.6 Gas Permeability Tests

The main objective of these tests was to determine and compare the permeability of 

H2 and O2 through Nafion™ and H3PO4 doped PBI membranes. Figures 3-20 (a) and (b)
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show the variation of oxygen and hydrogen permeability with temperature, respectively. 

H 3 P O 4  doped PBI showed greater resistance to permeability o f both gases when 

compared to Nafion™ membranes over the same temperature range. Furthermore, for 

H3PO4 doped PBI membranes, up to temperatures of about 170°C, the permeabilities of 

hydrogen and oxygen gases were substantially independent of temperature, proving that, 

in this temperature range, PBI membranes can be used at higher temperatures than 

Nafion™ membranes. This effect is attributed to the denser microstructure of PBI, which 

limited the passage of gases. At approximately 190°C, the permeability o f gases through 

PBI membranes started to increase, and the increment in permeability was particularly 

more profound for the hydrogen gas compared to oxygen gas, indicating that at higher 

temperatures, the micropores had expanded to a larger diameter. As a result, membranes 

became more porous and permeability increased sharply.
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(a) Permeability of oxygen gas versus working temperature.
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Figure 3-20 Variation of oxygen and hydrogen gas permeability with temperature.

Methanol permeability data for PBI were reported by groups from CWRU [11, 17, 

18], However, there are only limited data available on the permeability o f other gases 

through H3PO4 doped PBI membranes, in particular oxygen and hydrogen gas, although 

PBI membranes have been claimed to provide a better resistance to methanol 

permeability compared to Nafion™ membranes. In U.S. Patent 5,525,436 [11], the 

authors reported permeability tests on PBI membranes that they had prepared, but only at 

150°C for hydrogen and at 140°C for oxygen. At 150°C, the PBI membranes that they 

prepared had a hydrogen permeability constant of about 6.03xl0‘14 mol.m'V^Pa'1 while 

permeability o f O2 at 140°C was about 3.5xl0"15 m ol.m 'V ^a'1. All the reported results 

were for a doping level o f 338 mol%.

In the present permeability tests, I have determined permeability over a far more 

extensive range of parameters for the H3PO4 doped PBI membranes. Permeability data 

from room temperature to as high as 200°C were obtained for PBI membranes with a 

high doping level, about 550 to 600 mol% H3PO4, since these are the doping levels for
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membranes that I used in fuel cells. While the authors in ref. [1 1 ] only reported two data 

points for low doping level of 338 mol% H3PO4, in other publication, the same authors 

operated their H2-O2 or CH3OH-Q2 fuel cells at 500 mol% doping level, because of 

enhanced ionic conductivity [1, 19], Thus the permeability data are not representative of 

the actual PBI doping level for fuel cells operation. The gas permeability tests on the 

membranes used herein found that permeability of O2 gas at 150°C was about 1.02x1 O' 14 

m o l.m '^ P a '1, while for hydrogen gas the permeability was about 3.24xl0'14 mol.m"1 

s^Pa ' 1 at 150°C. These two values are comparable magnitude to the reported data. The 

differences maybe related to the different molecular weights of the PBI in the two 

studies.

More complete lists summarizing experimental data and calculated constants 

obtained from the gas permeability tests are presented in Appendix Al.

CONCLUSIONS

High temperature tolerant protonic conducting PBI membranes for fuel cell 

applications were prepared using PBI with a high M.W.~75,000. Morphology studies on 

these membranes indicated that the solution casting method was suitable for preparation 

of highly dense PBI membranes. The PBI membrane had few small micropores, and the 

structure appeared similar to that of commercial Nafion™ membranes. H3PO4 doped PBI 

membranes not only could withstand higher temperatures than Nafion™ membranes, but 

also provided greater resistance than Nafion™ membranes to permeability o f hydrogen 

and oxygen. H3PO4 doped PBI membranes with a doping of 500 mol% to 600 mol% of 

H3PO4 showed good ionic conductivity up to 250°C under anhydrous conditions. The 

ionic conductivity was stable in the presence of small amount of water vapor due to the 

hygroscopic nature of H3PO4 embedded in the PBI matrix. No chemical decomposition 

was detected by DSC analysis on H3PO4 doped PBI membranes after prolonged use in 

fuel cell operated at 250°C under highly reducing and oxidizing conditions. Hence, these 

membranes have been shown for the first time to be suitable for fuel cell operations under 

rigorous conditions up to 250°C.
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CHAPTER 4

FUEL CELL DESIGN AND APPLICATIONS

USING H3PO4 DOPED PBI MEMBRANES

4.1 INTRODUCTION

The objective of this chapter is to present results obtained from the application of 

H3PO4 doped PBI membranes in self-designed fuel cells system. The discussion in this 

chapter covers the experimental apparatus setup for the fuel cells testing and the design 

layout as well as material selections for the homemade single cell. In addition to these, 

this chapter also contains information on the MEA preparation procedure. The technique 

used to prepare electrodes for fuel cells applications is also included.

The H3PO4 doped PBI membranes, that were synthesized as described in Chapter 3, 

were applied in H2-O2 fuel cells to test whether the fuel cell system was functioning well.

If  the design of homemade single cell was satisfactory, better performance for H2-O2 

fuel cells could be obtained. Then, when the design was satisfactory, that design could be 

used to investigate use of the same fuel cell system to conduct experiments using 

hydrocarbon as firel to replace hydrogen. This part is included in Chapter 5.

4.2 FUEL CELL TESTING

4.2.1 Fuel Cell Electrode Preparation

Fuel cell electrodes consist of at least two layers; one is a catalyst layer while the 

other one is a gas permeable layer. To prepare the catalyst layer for the system used 

herein, dry catalyst powder was thoroughly mixed with appropriate proportions of 

Nafion™ solution, water and ethanol to create an ink. Typically, for this catalyst layer, a 

mixture was prepared containing Nafion™ ionomer (5 wt%, Aldrich), Pt/C catalyst (20 

wt% Pt/Vulcan XC-72, Alfa Aesar) or Pt black catalyst, and ethanol in weight ratio of
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1:3:10 respectively. For all experiments, platinum loading was set at 1 mg.cm'2 for each 

electrode.

Water was needed, especially when preparing platinum-based catalysts. Burning can 

occur on direct addition of ethanol (as dispersion agent) to platinum catalyst, or direct 

addition o f Nafion™ solution to platinum catalyst [1], The reason is oxygen atoms 

adsorbed onto the Pt surface were highly reactive. Therefore, when ethanol and Nafion™ 

solution (contains methanol) are added, reactions leading to the burning on the catalyst 

surface can occur to form agglomerated Pt. In order to avoid this, water was mixed with 

Pt/C first. This prevented the catalyst from directly contacting ethanol, Nafion™ solution 

and air. After that, ethanol and Nafion™ solution in the desired ratio were added to this 

mixture and a homogeneous paste was obtained upon stirring.

The ink was then directly applied on to the membrane surface by brushing [2], Then 

5 mg.cm"2 of H3PO4 was added to the ink to create an ionic pathway, at both electrodes. 

This catalyst layer was then dried for approximately 20 min. using an infra-red lamp.

To prepare the gas permeable layer, a solution of Teflon (-50 wt%) containing 

carbon black (Vulcan) XC-72 was mixed thoroughly in a ratio of 6:4 by weight [3], Then 

it was directly brushed onto carbon cloth (Electrochem). This electrode backing layer was 

sintered at a temperature of 350°C for 30 min. [4], The treated carbon cloth was then 

cold-pressed onto the catalyst layer. Sintering allowed the PTFE to form an evenly 

distributed gas diffusion network, and acted as a binder to bind carbon black to the 

carbon cloth.

4.2.2 MEA Preparation

Since the catalyst layer was directly painted onto the membranes surface, the 

conventional ‘hot-press’ method was not required. A ‘cold-press’ method was preferred 

here, involving assembling membranes (with catalyst on it) and electrode-backing layer 

together after accurate placement. The advantage of this procedure was that it eliminated 

any damage that could have occurred during hot pressing of the membranes.

Referring to Figure 4-1, the phosphonated PBI membrane was red brown in color. 

Also shown in the figure is carbon cloth, which was used to provide intimate contact

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



between the current collector (mesh) and PBI membrane, and also functioned as 

membrane protector as the carbon cloth had a soft texture.

C a rh n n  rln th

Figure 4-1 MEA of PBI polymer.

At high temperatures PBI membranes became soft, and the mechanical strength was 

reduced compared to ambient conditions. When stainless steel mesh is used as current 

collector in direct contact with the membrane, it crushed the membrane, because 

membranes not only became soft at high temperature, but also underwent thermal 

expansion as the temperature increased.

The thermal expansion of PBI membranes and mesh were not compatible with each 

other. The direct interaction between them crushed the membranes, causing gas leaks. To 

improve the situation, non-metallic materials like carbon cloth and Teflon gaskets with 

soft textures, were used during the cell design development stage.

4.2.3 Fuel Cell Design

A single cell was designed in our laboratory, which specially catered to the operation 

of low temperature polymer membrane fuel cells.

Figure 4-2 shows the design layout of a homemade single cell. This single cell 

comprised two bipolar plates, which were fabricated from stainless steel SS316, a 

material having 18% chromium and 12% nickel [5], It is preferred over SS304, a
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commonly used  stainless steel material, because SS316 can better withstand a corrosive 

environment, which was introduced here by the acidic electrolytes.

j Carbon cloths

Mesh

&

Gas channels

SS316 
bipolar plate

Groove for 
gas flow

Teflon gasket 
for sealing

Membranes

v , . .

Front View

 v ------

Side View Front View

Figure 4-2 Exploded view of homemade polymer fuel cell.

Fuel cell operation revealed that, while SS316 bipolar plates did not suffer any 

corrosion problem after prolonged operation period, the same operation carried out by 

using SS304 had inflicted severe corrosion to the cell’s surface. This passive film 

affected the ohmic losses of the fuel cell because it increased the interfacial resistance. 

Stainless steel material was chosen over graphite because graphite material is brittle, far 

expensive and difficult to machine although it has high resistance to corrosion and has no 

tendency to form passive oxide layers in air, which would have increased the interfacial 

resistance compared to stainless steel [6],

Besides providing electrical conductivity and cell protection, bipolar plates also 

functioned to supply reactants to the gas diffusion electrodes via a flow field etched 

directly into the bipolar plate’s surface. These bipolar plates also provided high 

mechanical strength to the whole cell assembly as a result of high density, impermeable 

to reactant gases to curb gas leaking problems, and were easy of manufacture.
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Construction of single cells for testing had to be carefully carried out to ensure the 

planarity o f bipolar plates. Any non-planarity in these plates would have resulted in poor 

gas sealing. In addition to this problem, it was very easy to crush the MEA during cell 

assembling if the surface was not planar. This cell was connected to the load outside the 

test station by electrical wires connected to the outer surface of both bipolar plates. The 

inner surface of the bipolar plates was connected to the mesh which formed part of the 

current collector. The mesh provided intimate contact between bipolar plates and MEA 

once the whole assembly was tightened.

To provide good sealing, two thin Teflon gaskets were designed to accommodate 

both mesh and carbon cloths. The thickness of each gasket was adjusted to be equal to the 

overall thickness of both mesh and carbon cloths. The typical thickness of each Teflon 

gasket was about 31 mils. Figure 4-3 shows the complete assembly o f a single cell inside 

the oven housing. It consisted of two streams, inlet and outlet for each anode and cathode 

compartments. These gas streams provided a continuous flow of reactants and tailing 

gases. The oven functioned using a temperature controller to maintain the operation of 

cell at specified temperatures. An external electrical wire was connected to the bipolar 

plates. The other end of this wire was connected to a Gamry Electrochemistry instrument.

wxmw.

Figure 4-3 Fuel cell testing system.
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4.3 EXPERIMENTAL PROCEDURE

4.3.1 Experimental Setup for Fuel Cell MEA Testing

Cathode Anode

Inlet Inlet

Flowmeter Flowmeter

MEA
Outlet
stream

Outlet
stream

Oven

Figure 4-4 Experimental setup for fuel cell testing.

A polymer fuel cell testing system has been developed in our laboratory to test the 

performance of MEA composed of H3PO4 doped PBI membranes, and to evaluate their 

suitability for fuel cell applications. The performance of this MEA was gauged using H2- 

O2 fuel cells first, and later on using hydrocarbon-02 fuel cells. A digital Voltmeter 

(Fluke 175) was used to measure the potential of cell during the operation of fuel cells.

Figure 4-4 shows the configuration of the fuel cells testing station for atmospheric 

pressure experiments. All experiments utilizing PBI membranes have been carried out at 

1 atm pressure since PBI membranes do not require 100% humidification to maintain 

good ionic conductivity, as shown in Chapter 3. The whole fuel cell apparatus was placed 

inside the oven, which also housed stainless steel gas manifolds, with two-way valves on 

each exit line. This test station also controlled the cell’s working temperature.
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The flow-rates for each gas stream was controlled using a volumetric flowmeter. To 

ensure that both reactant streams achieved the desired operating temperature, a coiled 

feed line was situated before both inlets, to increase the travel distance of feeds within the 

heated zone. The bolt-tightened single cell was connected to these gas manifolds. Before 

an experiment commenced, the whole assembly was checked to ensure that it was 

electrically insulated. The insulation was done by covering the stainless steel gas 

manifolds by tape, so that it had no direct contact with the test station.

Gamry Electrochemistry Instrument Version 3.20 © 2000 software was used in all 

conducted experiments to evaluate electrochemical experiments in fuel cell testing. 

Particular attention has been given to the following measurements:

• Cell potential of fuel cells.

• EIS, to determine the resistance of cell.

• Potentiodynamic scans.

• Potentiostatic scans.

In all cases, measurements have been optimized for accuracy. In addition, AC-DC 

Decade Resistor from Leeds & Northrup Co., was used occasionally, especially during 

H2-O2 fuel cell operation, to provide accurate electrical loads. These loads enabled the 

measurement of current flows. The Gamry Instrumentation could only measure the 

current flow up to 820 mA. Normally, this value can be exceeded.

For H2-O2 fuel cells testing, the following gases were used:

Table 4-1 Specifications for gases utilized in H2-O2 fuel cells.

Hydrogen PP 4.5 Grade 99.995% purity

O2 < 5 ppm 

H2O < 5 ppm

Oxygen 2.6 Grade 99.6% purity

H2O < 10 ppm

Source: Praxair Canada Ltd.
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4.4 RESULTS AND DISCUSSION

4.4.1 Cell Potential

The experimental results for H2-O2 cell potential are presented in Figure 4-5. When 

the single cell was properly installed, high cell potentials were obtained during fuel cell 

operation. The results were repeated at least five to six times. The results showed that the 

single cell did not have any gas sealing problems. If sealing had been poor, gases would 

have leaked from the anode to cathode compartment or vise versa, resulting in low cell 

potentials. Another observation was that the temperature of the cell did not remain 

constant at the set temperatures when gas leaking happened. This was most probably 

because the exothermic reaction to produce water had increased the temperature of the 

cell.
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Figure 4-5 Cell potential o f H2-O2 fuel cells at 1 atm after stabilization for more than 6 h

at OCV.
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High cell potentials of more than 1.0 V also indicated that the H3PO4 doped PBI 

membrane was not permeable to either hydrogen or oxygen. If  the PBI membranes had 

not been dense enough, hydrogen would have transported from anode to cathode 

compartment. This is because hydrogen has a smaller molecule diameter and can be 

easily transported through the micropores, causing loss of cell potential due to reactant 

crossover. The high cell potential also confirmed that the whole fuel cell assembly did 

not have any ‘electrical leaking’ problem. Electrical leaking would have had a direct 

impact on potential because it would have made the cell come into direct contact with 

stainless steel material.

The potential of H2-O2 fuel cells increased with temperature. This reflected the 

behavior o f the platinum catalyst, which had become more active for chemisorption as 

the temperature increases. Nonetheless, at 250°C, the potential dropped, but still 

remained at a reasonably high value. This drop in cell potential was attributed to a 

‘crossover’ problem at high temperatures. When temperature increased, the micropores of 

membranes gradually become larger. At 250°C, the micropores had become large enough 

that the crossover of hydrogen molecules to cathode compartment had a significant 

impact. This resulted in a loss of about 30 mV in cell potential compared to the cell 

potential at 200°C.

Figure 4-6 shows the variation in theoretical cell potentials of H2-O2 fuel cells with 

temperature. These values were calculated based on Eqn. (2.6) for the following chemical 

reaction equation:

2H2(g) + 0 2(g )-> 2 H 20 (g )  (4.1)

All theoretical cell potentials presented in Figure 4-6 were calculated using the 

thermodynamic data available from HSC Chemistry, Version 1.12 by Outokumpu 

Research. The values obtained were on the basis of 1 atm pressure for each chemical 

species present.
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Figure 4-6 Theoretical cell potentials of H2-O2 fuel cells with temperature.

Theoretically, the cell potential at standard condition is close to 1.19 V and declines 

linearly as the temperature increases. Although the theoretical trend is not same as those 

obtained experimentally, the theoretical cell potentials were only slightly higher or lower 

than the values obtained experimentally at those operating temperatures. For example, at 

120°C, the theoretical cell potential was 1.162 V compared to the experimental value of 

1.068 V. At 200°C, the theoretical value was 1.142 V while experimental value was 

1.161 V.

A significant reason for the disparity is that the above theoretical values were based 

on 1 atm pressure for each chemical species reacting. But in our fuel cell system, the 

overall pressure for either anode or cathode was 1 atm. Thus the partial pressure for water 

was definitely less than 1 atm. Based on Eqn. (2.7), for H2-O2 system, the following 

equation applied:

(4.2)
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The above equation relates the cell potential of H2-O2 system at temperatures other than 

25°C and partial pressure, which was not 1 atm for every chemical species. As the partial 

pressure o f water during the running of cell was not 1 atm, this certainly contributed to 

the difference between cell potentials.

Theoretical cell potentials are based on participation by reactants which have reached 

equilibrium in a closed system. This equilibrium needs certain period of time to be 

established. For fuel cell operation, hydrogen and oxygen are continuously fed into the 

system with certain residence time inside the “reactor”. Therefore, fuel cell operation will 

not achieve the real “maximum equilibrium” which is the basis for theoretical values. The 

equilibrium in a fuel cell system is a dynamic equilibrium. For example, a dynamic 

equilibrium between adsorbed hydrogen atoms on catalyst surface with the hydrogen in 

the gas surface or a dynamic equilibrium of adsorbed oxygen atoms with oxygen in the 

gas phase.

Thus, theoretical cell potentials only serve as a benchmark for actual cell potentials.

4.4.2 Polarization Curves for H2-O2 Fuel Cells

Hydrogen is a very reactive fuel. In the anode compartment, hydrogen molecules 

chemically dissociated and adsorped rapidly on to the platinum surface. Each hydrogen 

molecule donated two electrons to form two protons, and these protons were transported 

through the PBI membranes to the cathode compartment where they recombined with 

oxygen and electrons to form water molecules. The driving force behind this proton 

transport was mainly the electromotive force generated between anode and cathode 

compartment through the H2-O2 reaction. Below is a reaction sequence showing how the 

proton transportation through PBI polymer membranes occurred:

H2 + 2 Pt ■-> 2 H -  Pt (Anode chemisorption reaction) (4.3)

2 (H -  Pt) -> 2 FT + 2 e' + 2 Pt (Fast oxidation reaction) (4.4)

H*(anode side) membranes -> FT (cathode side) (Slow process) (4.5)

O2 + 4 IE  + 4 e’ 2 H20  (Reduction process at cathode) (4.6)

The last reaction at the cathode compartment was slow when compared to the 

reaction in the anode side because oxygen molecules did not adsorb well on the platinum
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surface compared to the adsorption of hydrogen. Although the third reaction was the 

slowest among the reaction mechanisms, nonetheless, it was comparable to that in other 

types of fuel cell. Transport of protons in proton conducting polymer like Nafion™ is the 

fastest, since this polymer is thin and also because of the nature of acid, which has a high 

conductivity. Figure 4-7 shows the performances of H2-O2 fuel cells constructed in our 

laboratory, using single cells at 200°C with internal resistance of approximately 0.18 

Ohm.
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Figure 4-7 H2-O2 fuel cells at T = 200°C without humidification (Doping level = 550

mol% H3PO4 with I.R. 0.18 Ohm).

The performance chart shown above was obtained using a digital voltmeter (Fluke 

175) and a AC-DC Decade Resistance Box from Leeds & Northrup Co. At the specified 

operating temperature of 200°C, high current density was obtained from the single cell. 

At around 330 mV, the working cell had a current density flow reaching nearly 700 

mAxm"2 Power density was nearly 230 mW.cm'2 at a current flow o f 700 mAxm*2. This 

result was obtained under non-optimized conditions.
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Power densities obtained using the present PBI membranes in the fuel cell testing 

system constructed in our laboratory were slightly lower than those in previous reports of 

H2-O2 fuel cells utilizing H3PO4 doped PBI membranes. Li et al. has reported the highest 

power density, about 0.55 W.cm'2 at a current density of 1.2 A.cm' 2 at 190°C [7], Wang 

et al. reported maximum power density of 0.25 W.cm' 2 at a current density about 700 

mAxm'2 at 150°C [8 ], Savadogo et al. obtained optimum power output of 0.65 

W.cm ' 2 at 1.5 A.cm' 2 at 185°C [9],

The operation of these fuel cell systems was not under optimized conditions. It is 

anticipated that, with optimization, an improvement in performance of cell could be 

obtained, especially at 200°C. These results were easily reproducible if the I.R. of cell 

was about 0.20 to 0.30 Ohm. A single representative set of those results has been 

presented here. The main focus of this chapter is on the design of homemade cell and fuel 

cells system apparatus layout.

CONCLUSIONS

H3PO4 doped PBI membranes showed very promising results during the H2-O2 fuel 

cell operation using a low temperature fiiel cell system developed in our laboratory. Fuel 

cell operations did not encounter any major problems, signaling that the design of the 

single cell was satisfactory. Good sealing and dense membranes contributed to attainment 

of high cell potentials. The experimental cell potentials were very closed to the 

theoretical values. This was further proof of good cell design. The performance of fuel 

cells improved slightly at higher operating temperatures because the catalyst became 

more active. All results obtained were under non-optimized conditions.
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CHAPTER 5

HYDROCARBON FUEL CELLS

5.1 INTRODUCTION

The conventional way to exploit hydrocarbon fuels is through combustion. Direct 

oxidation of hydrocarbons, such as propane and ethane, is an exothermic reaction and 

provides useful energy, for example; combustion of propane and ethane can yield 2044.0 

kJ.mol'1 and 1427.81 kJ.mof1 respectively at STP [1], Alternatively, energy can be 

generated by oxidation of hydrocarbons in fuel cells. Hydrocarbon fuel cells offer several 

advantages compared to conventional heat engines; e.g. controlling the reaction rate and 

product selectivity through the manipulation of cell potential and variable resistor, the 

possibility o f deep oxidation of hydrocarbon could be curbed and the potential danger of 

explosion is greatly reduced since the reactants are separated from each other [2],

In this chapter, I will discuss the application of PBI membranes in hydrocarbon fuel 

cells. The purpose of this study is to look into the prospect of using H3PO4 doped PBI 

polymer fuel cells as co-generator for electricity and olefins as products from conversion 

of paraffins under mild conditions. In Chapter 3 ,1 show that the membranes have good 

ionic conductivity at high temperature. High temperatures, in the range of 200 to 250°C 

promote activation of dehydrogenation of alkenes by noble metal catalysts. Herein, I will 

describe conversion of ethane and propane in PBI fuel cells.

5.2 PRINCIPLES OF CONVERSION OF HYDROCARBONS IN 

F U E L  CELLS

Catalytic dehydrogenation of light hydrocarbon on noble metals is well known and 

has been widely used in industry. Studies have shown that dehydrogenation of ethane and 

propane to ethylene and propylene occurs through a dissociative chemisorption process 

on catalyst surface [3],

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Fuel Cells Group at the University of Alberta is trying to develop low 

temperature fuel cells for highly selective dehydrogenation of alkanes. In principle, use of 

fuel cells overcomes equilibrium limitations as hydrogen atoms from dehydrogenation 

chemisorb at the catalyst surface, and are then rapidly conducted through the protonic 

exchange PBI membranes in proton form to the cathode side, where they recombine with 

oxygen and electrons to produce water. The proposed transport mechanism ensures the 

continuous production of ethylene and propylene from ethane and propane, and the 

electrochemical system is not equilibrium limited.

The electrochemical reactions of the hydrocarbon feed resemble the catalytic 

dehydrogenation reaction. In an electrochemical system, shown schematically in Figure 

5-1(a), propane fuel, C3H8, for example, first chemisorbs on the catalyst surface. This 

dissociative chemisorption is forming propylene, C3H6 and two hydrogen atoms. In 

Figure 5-1(b), the hydrogen atoms will be transformed into protons that are conducted 

through the membrane to the cathode side. Propylene desorbs from the catalyst surface 

and makes available the active surface for further reaction (Figure 5-l(c)).

C3H8 -► C3H8 C3H8

C3H 8 j&iL

AA/V => =>

A A A
O2 H 20, 02

(a) (b) (c)
Figure 5-1 Schematic of proposed electrochemistry reactions utilizing propane.

5.3 THERMODYNAMICS OF HYDROCARBON FUEL CELL 

REACTIONS

The spontaneity of an electrochemical reaction is determined by the change in AG. If 

AG is negative, then the reaction is deemed a spontaneous electrochemical reaction. A
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spontaneous electrochemical reaction will generate electricity; a non-spontaneous 

electrochemical reaction requires an external source of electricity.

Oxidative conversion of both ethane (Eqn. 5.1) and propane (Eqn. 5.2) to the 

corresponding alkenes is spontaneous, and thus it is possible in principle to generate

electricity from these reactions. The relationship of AG and theoretical potential to

temperature for each of these reactions is illustrated in Figure 5-2.

2 CjHs (g) + 0 2 (g) -» 2 C2H4 (g) + 2 H20  (g) (5.1)

2 C3H8 (g) + 0 2 (g) -» 2 C3H6 (g) + 2 H20  (g) (5.2)
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Figure 5-2 Variation of AG and theoretical potentials with temperature.

5.4 EXPERIMENTAL PROCEDURE

The fuel cell testing system was the same as that previously described in Chapter 4. 

The test cell had an area of 4.9 cm2. The exit gas stream was analyzed using on-line G.C.
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(Hewlett Packard Series I I 5890), equipped with packed bed column and connected to an 

integrator (HP 3396 Series II). Products were determined using a thermal conductivity 

detector (TCD) with helium as a carrier gas. Analyses were performed isothermally at 

80°C for 15 min. The specifications for the gases (Praxair Canada) used for the 

experiment are shown in Table 5-1.

Table 5-1 Gas specifications for hydrocarbon fuel cells experimental work.

Ethane Grade 2.0 99.0% purity

c 2h 6 Methane < 50 ppm 

Ethylene < 4000 ppm 

Propane < 400 ppm 

Propylene < 1000 ppm 

C-3’s < 1500 ppm 

Sulfur < 1 ppm

Ethylene Grade 3.0 Polymer 99.9% purity

C2H4 O2 < 10 ppm 

N2 < 50 ppm

CO < 3 ppm, CO2 < 10 ppm 

C2H2 < 6 ppm 

C2H6 < 100 ppm 

Other HC < 100 ppm 

H20  < 5 ppm, Sulfur < 1 ppm

Propane Instrument Grade 2.5 99.5% purity liquid phase

c 3h 8 H2O < 3 ppm, n-Butane < 20 ppmw 

Methane < 300 ppmw, Sulfur < 1 ppmw 

Ethane < 600 ppmw, Isobutane < 3000 ppmw
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5.5 RESULTS AND DISCUSSION

5.5.1 Ethane-Oxygen Fuel Cells

5.5.1.1 Cell Potential

The dependence of OCV or cell potential on temperature for an ethane-oxygen fuel 

cell is shown in Figure 5-3. The cell potential confirms that the fuel cell reactions are 

spontaneous, provides proof concept of hydrocarbon fuel cell. The OCV for C2H6-O2 fuel 

cells is stable over the whole range of operating conditions and normally ranged from 

about 600 mV to 780 mV at 1 atm pressure. Data were acquired after the cell had 

stabilized for more than 6 h at 1 atm pressure, when the system has reached steady state 

conditions.

2
S3u
oo.
<D

o
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Figure 5-3 Variation of C2H6-O2 fuel cells potential with operating temperature at 1 atm 

pressure after stabilization for at least 6 h under OCV condition.

If we compare the results between experimental values presented in Figure 5-3 and 

theoretical values in Figure 5-2, apparently, both exhibit the same variation trend. Both
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show an increase in cell potential with temperature, which reach nearly 800 mV. The 

increases in cell potentials imply that higher temperature provided larger driving force for 

reactions to proceed. Higher temperatures also lead to the catalyst activation where more 

reactants can readily chemisorb on catalyst surface, thus increasing the reaction rate.

5.5.1.2 Polarization Curves for Ethane-Oxygen Fuel Cells

Referring to Figure 5-4, ethane and oxygen were fed to the respective compartments 

of H3PO4 doped PBI membrane fuel cell under anhydrous conditions using Pt-black as 

catalyst for both electrodes. It was found that only small current densities were produced, 

even though the I.R. of the cell was only about 0.4 Ohm. Furthermore, this current 

density was not sustainable, and gradually decreased with time.

>  0.6

a. 0.4
<0

O 0.3

0 1

Current density (mA.cm )

Figure 5-4 Polarization curve of C2H6-O2 fuel cells at 200°C under anhydrous condition

(I.R. of cell was 0.411 Ohm).

Although the polarization curve in Figure 5-4 shows a maximum current density of 

nearly 5 mA.cm"2, when the same fuel cell was operated in potentiostatic mode, even this 

low current density was unstable, and dropped to a few fiA.cm'2 after several minutes of
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operation. Consequently, any products generated were greatly diluted, and on-line G.C. 

was unable to detect these products. In contrast, adding water to the anode feed 

humidified the anode compartment at 25°C. Humidification improved the ionic 

conductivity of PBI membranes, and significantly increased the current density in CaHe- 

O2 fuel cell (Figure 5-5).

0 10 20 30 40 50 60

Current density (mA.cm2)

Figure 5-5 Polarization curve of C2H6-O2 fuel cells at 200°C after the addition of water at 

the anode side with temperature of 25°C (I.R. of cell was 0.19 Ohm).

Comparison of Figure 5-4 with Figure 5-5 shows that water take part in the 

electrochemical reactions of hydrocarbon fuel cells. These data suggest that water plays 

an active role in surface reactions. Most probably, the electrochemical reactions of ethane 

at the anode side produce intermediate products which are strongly chemisorbed onto the 

platinum catalyst surface, thus blocking the active sites. The higher current density found 

when the anode feed is humidified suggests that water interacts with the chemisorbed 

species to promote regeneration of active sites.

Figure 5-5 also shows that the onset of limiting current density occurred between 

approximately 100 mV to 200 mV. At this low potential (around 100 to 200 mV) and
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high current density region, the anode became severe polarized. This may be a 

consequence of formation of poisonous intermediate products that blocked the catalyst 

surface sites, thereby limiting access by reactants to the active catalyst sites. This caused 

the current density to drop further.

Another possibility is that the rate-determining step in this potential region is the 

adsorption of ethane onto the catalyst surface. This is because low potential conditions 

might not have provided ideal surface electronic state for ethane adsorption. Furthermore, 

H2O species adsorb strongly on platinum surfaces at potentials below 200 mV [4], As a 

result, ethane has to compete with water to access sites on the catalyst. So, the presence 

of water reduces the amount of ethane reactant that can be adsorbed onto the platinum 

surface, resulting in a drop in current density.

The preliminary results indicate that kinetics for the electrochemical reactions for use 

of ethane as fuel are slow. To examine whether the slow reaction was due to poisoning of 

catalyst sites by intermediate products, the system was left to operate continuously at 

OCV overnight. The current density dropped significantly. This phenomenon was readily 

reproducible.

This suggested that, after the chemisorption step, intermediates formed from the 

ethane reactant were strongly retained by acidic platinum metal. As a result, performance 

of C2H6-O2 fuel cells always deteriorated from initial performance after continuous 

operation overnight at OCV. This was because potentially active surface o f catalyst sites 

had been blocked to electrochemical reactions.

Figures 5-6 and 5-7 show the polarization curves for C2H6-O2 operated by PBI fuel 

cells at 250°C with water at 25°C entering the anode side.
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Figure 5-6 Polarization curve of C2H6-O2 fuel cells at 250°C after 3 h running with water 

added at the anode side, 25°C (I.R. was 0.24 Ohm).
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Figure 5-7 Polarization curve of C2H6-O2 fuel cells after (1) more than 12 h at OCV and

(2) after short-circuiting (same conditions with I.R. was 0.20 Ohm).
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The data in Figure 5-6 were obtained after operation for several hours at the specified 

conditions, while data in Figure 5-7 show the performance of the same cell after 12 h at 

OCV. The current density was less than half of the value obtained initially. This is 

consistent with the formation of very stable intermediate products on the catalyst surface 

during OCV condition. In an attempt to re-generate the original performance level 

(Figure 5-6), the surface was refreshed by deep oxidation (low potential, 0.0 to 0.05 V) 

for 0.5 to 1 h to remove any poisonous intermediate products. It was found that, although 

regeneration restored performance to a high level (Figure 5-7), it did not fully recover all 

activity. Another important criterion for evaluation of fuel cells is current sustainability. 

After operation for about 200 s, the current flow reached steady state within the test 

duration (Figure 5-8).
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Figure 5-8 Sustainability of current flow with time in C2H6-O2 fuel cells operated at

250°C and 1 atm pressure.

Whereas current flow obtained using fuel cell under anhydrous conditions was not 

sustainable, when the same cell was used with anode feed humidified, the current flow
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had much better sustainability. Further, there was improved current flow at reduced cell 

potential.

An objective was to convert ethane to ethylene. However, the role of ethylene as 

probable intermediate product was not known. Consequently, to better understand the 

electrochemical reaction mechanisms in C2H6-O2 fuel cells, performance using C2H4-O2 

as feeds was also tested in fuel cells in the presence of water vapor. Higher current 

density was achieved. Ethylene is reactive and is easily adsorbed onto the catalyst surface 

due to the existence of its double bond.

However, the C 2 H 4 - O 2  fuel cells did not achieve high power density, because large 

increments in current density only happened at low potential, typically below 300 mV 

(Figure 5-9).
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Figure 5-9 Polarization curve of C2H4-O2 fuel cells at 200°C with addition of water at

anode side, 25°C (I.R. was 0.40 Ohm).
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Figure 5-10 shows another polarization curves for C2 H4 -O2 fuel cells at an operating 

temperature of 200°C after continuous operation overnight. Both Figures 5-9 and 5-10 are 

characteristic of a process not having ‘limiting current density’, in contrast to ethane. 

Further, C 2 H 4 - O 2  fuel cells do not show any significant decay in cell performance with 

time. Figure 5-10 clearly shows that unlike C2H6-02 fuel cells, the polarization curve for 

C2H4-O2 fuel cells was stable, without having to apply low cell potential to perform deep 

oxidization, even after operating continuously for more than 12 h at 200°C. The 

differences in both performance and stability, strongly indicated that the adsorption 

mechanisms were different for alkanes and alkenes.
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Figure 5-10 Polarization curve of C2H4-O2 fuel cells after continuous operation at OCV 

overnight at 200°C; water added at the anode side, 25°C (I.R. was 0.41 Ohm).

Both graphs also showed a sudden increase in current density below 300 mV. This 

strongly indicated that ethylene, due to its more reactive double bond, was more easily 

chemisorbed on the platinum surface, compared to ethane, especially in the region below 

300 mV. This was also the region where water species were easily adsorbed. Because 

both ethylene and water were adsorbed very strongly on the platinum surface, this
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contributed towards larger current density because more reactants were absorbed onto the 

catalyst surface and ready to take part in the electrochemical reaction compared to ethane 

as fuel.

The rate-limiting steps in the overall electrochemical reactions for conversion of 

ethane and ethylene appeared to be different. The rate-limiting step for ethane most 

probably involved dissociative chemisorptions of ethane on platinum surface to form 

ethylene-like intermediate species during electrochemistry reaction. Once it had 

overcome this limitation, the subsequent reactions were faster. For ethylene, adsorption 

happened rapidly on the platinum surface, so the rate limiting step was the 

electrochemical reaction that occurred on the surface of platinum.

In terms of current flow sustainability, it was determined that current flow of C2H4- 

O2 fuel cells reached a steady-state condition after operating at a fixed cell potential for 

about 150 s. Here, I provided one set of data that represent current sustainability behavior 

shown by C2H4-O2 fuel cell with slight humidification.
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Figure 5-11 Current sustainability with time of C2H4-O2 fuel cells operating at 200°C.
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To confirm the earlier proposition that C2H4 adsorbed more strongly than C2H6 on 

platinum surfaces, another experiment was performed, in which the anode side was fed 

with H2 and the cathode side fed with C2H4. Figure 5-12 was obtained.
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Figure 5-12 Polarization curve of H2-C2H4 fuel cells at 160°C under anhydrous condition

(I.R. was 0.39 Ohm).

Referring to Figure 5-12, since the cell potential of H2-O2 fuel cells mode is above 1.0 

Volt and cell potential of C2H6-O2 fuel cells mode is about 0.7 Volt at 160°C, the cell 

potential for H2-C2H4 should be approximately 0.3 Volt. Using G.C. analysis, ethane 

product was detected at the cathode side. Several conclusions can be drawn. This 

experiment proved that, below a potential of 300 mV, C2H4 easily chemisorbed onto the 

platinum surface, where it was hydrogenated by proton transfer from the anode side, and 

desorbed freely from the platinum surface as C2H6 . This is the reverse process to that 

proposed for conversion of ethane. Thus, because C2H6 easily desorbed, this showed that 

adsorption of C2H6 was relatively difficult. Similarly, because C2H4 was adsorbed easily, 

then desorption of C2H4 was relatively hard because of the strong bond formed to 

platinum.
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5.5.1.3 Electrochemical Products for Ethane-Oxygen Fuel Cells

So far, the concept of C2H6-O2 fuel cells has been described with reference to 

electrical performance, and not products. G.C. analysis showed that instead of the 

anticipated ethylene product from conversion of ethane during fuel cell operation, use of 

either ethane or ethylene only produced final products consisting of carbon monoxide and 

carbon dioxide. No other products have been detected under this acidic environment.

The concentration of CO and CO2 obtained varied with cell potential. At high cell 

potential, the amount of CO was slightly higher than the amount of CO2. As potential of 

the cell gradually decreased, consistent with deep oxidization, the amount of CO2 

increased while CO gradually diminished. The amounts o f products detected were 

consistent with the current density generated. Thus, there were no others undetected 

products.

Figure 5-13 shows the dependence of product selectivity on cell potential. 

Operations at both 200°C and 250°C showed the same trend of product composition 

(G.C. analysis). For electrochemical reactions, cell potential always has influence over 

product distribution if there are more than single reactions taking place.

As cell potential declined, formation of CO2 increased while the formation of CO 

decreased. From the Figure 5-13, the products’ ratio is more favored towards CO at 

250°C than 200°C. These differences can be attributed to the prolonged operation of cell 

at 200°C before shifting to 250°C, which decreased the activity of platinum black catalyst 

by the time of measurement.

The long-term performance of platinum catalyst during fuel cells operation at 

elevated temperature still can be affected by the formation of intermediate species. 

Measurements at 200°C were taken after fuel cells had been working continuously for 2 

days, while the measurements at 250°C were taken on the 3rd day of operation. For both 

cases, rapid formation of CO2 occurred at low cell potential, approximately 300 m V  and 

below. Once again, this is consistent with the fact that an ‘O’ donating species, which 

was probably water, was adsorbed strongly in this low potential region, thus promoting 

the formation of CO2 from CO.
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Figure 5-13 Dependence of CO2 to CO ratio on cell potential for O2H6-O2 fuel cells at

200°C and 250°C.
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Figure 5-14 Calculated concentrations of CO2 and CO with variation in current flow.
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Figure 5-14 shows the correlation between product amounts and current density. As 

current flow increased, the total amount of products also increased. This showed that the 

current flow generated was equivalent to the amount of electrochemical products. The 

amount o f CO2 produced always increased with current flow, while the amount of CO 

increased at high cell potential and decreased as current flow increased (at low potential).

Although the detailed electrochemical reaction mechanisms are not fully understood, 

nonetheless, from the present data, it appears that, in an acidic environment, the overall 

electrochemical reactions at anode side resemble the steam reforming reaction. The 

following reaction sequence is proposed for the electrochemical reactions taking place at 

the anode side, consistent with the observed experimental results:

C2H6 (g) + 2 H20  (g) -» 2 CO (g) + 10 H+ + 10 e (5.3)

CO (g) + H20  (g) C 02 (g) + 2 H+ + 2 e- (5.4)

The reaction equations above imply that both electrochemical reactions were actually 

reactions in series. The first electrochemical reaction produced CO and released 10 mol 

of electrons, which were drawn away through the external electrical circuit. Then,

depending on the cell potential, a further portion of CO was converted to C 02 with a

release of two additional electrons per mole of CO converted. The protons were then 

conducted through the electrolyte to the cathode.

Figure 5-15 presents two graphs comparing the concentrations o f C 02 and CO (using 

the reaction sequence in Eqns. (5.3) and (5.4)) with the concentration of these products 

detected by G.C. analysis (in molar basis). Details o f the complete calculations are 

presented in Appendix A2. The calculated values agree well with the analytical data. 

From these comparisons, it is seen that the current flow produced by electrochemical 

reactions always tallied with the amounts of generated products. It also showed that the 

above reaction equations represent the overall electrochemical reactions for the use of 

ethane as hydrocarbon fuel.
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Figure 5-15 Comparison between calculated and detected concentration of products.
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The presence of acid on catalyst surface enhanced the cracking of ethane

[5]. Acidic condition provided an electron deficient environment. As a result, although 

ethane was dehydrogenated, an ethylene-like intermediate species with double bond 

became strongly adsorbed on the platinum surface, which was hard to desorb from the 

catalyst surface. Further reactions involving water then led to the final products of CO 

and CO2, which finally were evolved from the catalyst surface.

When ethylene was used as hydrocarbon fuel, it produced the same products. No 

other products were detected. The dependence of product selectivity on cell potential was 

identical to that with ethane as fuel. Selectivity towards CO2 again increased dramatically 

at potentials below 300 mV. Figure 5-16 shows the dependence of product selectivity on 

cell potential o f fuel cells operated using ethylene and oxygen.
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Figure 5-16 Dependence of CO2 to CO ratio on cell potential for C2H4-O2 fuel cells at 

150°C and 1 atm pressure with water added at anode side, 25°C.
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Referring to Figures 5-16 and 5-17, both graphs, which were obtained from the fuel 

cells operation using ethylene as fuel, exhibited the trend that matched to the results 

obtained using ethane fuel cells. Although the same products were obtained, in fuel cells 

operated using C2H4, higher concentrations of CO were produced when compared to 

C2H6. This is attributed to the stronger adsorption of C2H4 compared to C2H6 to form 

intermediate products, which were then converted into CO-alike species on platinum 

surface by reaction with H2O. Further oxidation to CO2 was hindered by the lower 

amount o f H2O adsorbed due to competition with strongly bonded C2H4. Consequently, 

the rate o f conversion of CO to CO2 was limited by the relatively lower concentration of 

water on the catalyst surface when C2H4 was also present.
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Figure 5-17 Correlation between current flow and concentration of products produced by 

C2H4-O2 fuel cells operated at 150°C and 1 atm.

From these results, one possibility exists that ethylene indeed formed as intermediate 

species during the electrochemical reaction of ethane. But, the acidic metal catalyst 

provides an electron deficient environment which bond strongly to this intermediate 

species, resulting in further reaction, undergoing cracking of the C-C bond to form Ci 

species, which finally formed CO and CO2 before being detached freely from the catalyst 

surface. Further detailed discussion will be presented in Section 5.5.3.
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5.5.2 Propane-Oxygen Fuel Cells

5.5.2.1 Cell Potential

The potentials attained with C3H8-O2 fuel cells were as stable as those for C2H6-O2 

fuel cells. In addition, the cell potentials for C3H8-O2 fuel cells at 1 atm pressure had 

values close to those obtained from C2H6-O2 fuel cells. The potentials increased with 

temperature, consistent with the prediction from AG and Nemst equation as a function of 

temperature (Figure 5-2).

Figure 5-18 shows the cell potentials obtained at different temperatures, after 

stabilization for at least 6 h. Cell potentials for both propane and ethane fuel cells always 

increased with temperature, ranging from below 600 mV at 100°C to above 700 mV at 

200°C. Then, over 230°C, the cell potential increased to above 800 mV.
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Figure 5-18 Variation of C3H8-O2 fuel cells OCV with operating temperature at 1 atm

after stabilization for at least 6 h.
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The cell potential attained values over 800 mV at temperatures higher than 200°C, 

consistent with larger AG values that can be manipulated from the cell, thus providing a  

significant driving force for electrochemical reactions to take place.

5.S.2.2 Polarization Curves for Propane-Oxygen Fuel Cells

Under anhydrous condition, C3H8-O2 fuel cells exhibit very small current flow, 

typically in the range of several mA.cm'2, similar to those found for C2H6-O2 fuel cells. In 

the absence of water, the electrochemical reactions cannot proceed to completion. 

Consequently, there was only a limited amount of reaction happened.

Figure 5-19 shows an example of a typical polarization curve obtained whenever 

operation was carried out under anhydrous conditions. Not only was the current density 

low, the current flow was also not sustainable.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
„2

Current density (mA.cm )

Figure 5-19 Polarization curve of C3H8-O2 fuel cells under anhydrous conditions at 250°C

and 1 atm pressure (I.R. was 0.26 Ohm).
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Over an extended operating time, the current flow was reduced to a few 

microamperes. This is depicted in Figure 5-20.

0 50 100 150 200 250 300

Time(s)

Figure 5-20 Current flow versus operating time at 100 mV potential for C3H8-O2 fuel 

cells operated at 250°C and 1 atm pressure (anhydrous condition).

Figure 5-20 shows a typical trend of current flow under anhydrous conditions. As 

can be observed, the current flow diminished with time. After the cell had been working 

for 300 s at 100 mV, the current flow gradually became smaller. The operation of C3H8- 

O2 fuel cells under anhydrous conditions was not sustainable, and the current flow did not 

attain steady state value. As for C2H6-O2 fuel cells, this can be attributed to the formation 

of intermediate species on catalyst surface which blocked the majority of active catalyst 

surface sites for reactant adsorption and reaction.

Polarization curves for C3H 8-O2 fuel cells operated with humidification showed a 

significantly increase in current flow. The addition of water had the effect of enabling the 

progress of electrochemical reactions, resulting in increased current flow as was also 

found for C2H6-O2 fuel cell systems. A typical polarization curve is shown in Figure 

5-21.
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Figure 5-21 Polarization curve of C3H8-O2 fuel cell at 250°C and 1 atm pressure with 

humidification of anode feed at 25°C (IR. was 0.36 Ohm).

Figure 5-22 shows the variation of current flow at different potentials with operating 

time. Once again, with the addition of water, the current flow was sustainable. Current 

flow increased with decreased cell potential. Interestingly, when operation was carried 

out at low potential, 100 mV or short-circuit condition for an extended time (> 10 min.), 

the current flow increased gradually. This is an indication of the effect of low cell 

potential towards catalyst’s surface condition where it can ‘clean’ the surface from stable 

intermediate products.

In Figure 5-23, throughout the high cell potentials and low current flow region, the 

molar amounts of CO2 and CO generated were quite similar. At lower cell potential, 

below 0.3 Volt, the amount of CO2 became predominant. Again, this behavior followed 

the same trend shown by ethane and ethylene fuel cells. Cell potentials generated altered 

the electronic properties of the platinum catalyst, thus influencing the activation of 

propane and the further reactions o f intermediate products, as shown for ethane in Eqns. 

(5.3) and (5.4).

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Se
lec

tiv
ity

 
(C

O
2

: C
O

)

<T
'S

18.0
16.0

0

< 14.0

12.0

10.0
s"O 8.0
gg 6.0

6 4.0

2.0

0.0

I 1 600 mV 
| 2 500 mV 

3 400 mV

4

! a
I 5
i

3

\
\
f
i|
1

-L. . 2
|

-----1— ,--------- {-------- 1------------------1—----------------1------- ----- S---- 1---- -------------- (

0 200 400 600 800 1 0 0 0

I 5 100 mV

Time (s)
Figure 5-22 Current flow versus operation time for C3H8-O2 fuel cells at 250°C with

humidification of anode feed at 25°C.

25.0

20.0

15.0

1 0 .0  -

5.0

0.0
0.6 0.70.10 0.2 0.3 0.4 0.5

Cell potential (V)

Figure 5-23 Dependence of CChiCO ratio on cell potential o f C3H8-O2 fuel cells operated 

at 250°C and 1 atm pressure, with anode humidification at 25°C.
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At low potentials, easily desorbable electrochemical products were formed, so, the 

rate of formation of final products increased as current flow also increased (Figure 5-24). 

The concentration of CO2 in the effluent increased linearly with current, while that of CO 

reached a maximum value before declining at high currents.
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Figure 5-24 Variation of products concentration with current flow for C3H8-O2 fuel cells 

operated at 250°C, 1 atm with humidification of the anode feed at 25°C.

5.5.3 Mechanisms of Reactions in Hydrocarbon Fuel Cells

The results obtained for C 2 H 6 - O 2 ,  C 2 H 4 - O 2  and C 3 H 8 - O 2  fuel cells were each 

reproducible. Although the procedures were substantially the same for making all 

membranes, the I.R. of the fuel cells varied between 0.2 Ohm and 0.4 Ohm. In each case, 

significant current density was obtained when the anode feed was humidified, but much 

lower values were obtained when the cell was operated under anhydrous conditions. A 

large I.R., 1 to 2 Ohm indicated that the cell was not properly installed. No further testing 

was performed in such cases, as no significant improvement in current flow could be
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obtained, even in the presence of water. The results reported herein were reproduced at 

least three times.

Since fuel cell experiments conducted using different light paraffins have shown 

similar trends and very similar results, there is reason to believe that the electrochemical 

reactions taking place followed similar mechanisms. Fuel cell operation carried out using 

propane and ethane as fuels each resulted in the formation of CO2 and CO. This was 

consistent with the results obtained by Savadogo and Varela (2 0 0 1 ), who reported the 

formation of only CO2 from direct propane fuel cells [6 ].

Thus, water, which initially was introduced to humidify the membranes, has been 

identified instead as a participant in the electrochemical reactions in the present acidic 

environment. Without water, the electrochemical reactions did not proceed readily or 

extensively.

I now propose that the electrochemical reactions occurring in hydrocarbon fuel cells 

follow two reaction paths. One path is a sequence of reaction in series, as described in 

section 5.5.1.3. The other path involves parallel reactions to produce CO2 and CO (Eqns. 

(5.5) and (5.6)).

C2H6 (g) + %  0 2 (g) 2 C 0 2 (g) + 3 H20  (g) (5.5)

C2H6 (g) + y 2 0 2 (g) -» 2 CO (g) + 3 H20  (g) (5.6)

From Eqn. (5.5), we can separate the overall reaction into two half-cell reactions at

both anode and cathode side:

Anode side: CjH* (g) + 2 H20  (g) -» C 02 (g) + 7 Hf + 7 e (5.7 a)

Cathode side: %  0 2 (g) + 7 E f + 7 e %  H20  (g) (5.7 b)

Production of one molecule of C 0 2 requires the transfer o f 7 protons to the cathode 

side, as evident from Eqns. (5.7 a) and (5.7 b). The electrochemical reactions at the anode 

side donate all these seven protons. This proposition provides another alternative way to 

calculate electrochemical reactions without having to know the prior reaction 

mechanisms at the anode side.
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For overall reaction shown in Eqn. (5.6), f i v e  electrons are conducted for each 

molecule o f CO formed (Eqns. (5.8 a) and (5.8 b)).

Anode side: C2H6 (g) + H2O (g) CO (g) + 5 H+ + 5 e' (5.8 a)

Cathode side: ^  O 2  ( g )  + 5 EC + 5 e' H2O ( g )  (5.8 b)(5.8 b)

Overall, the electrochemical reactions involve the transfer of 12 mol of electrons to 

produce CO2 and CO, consistent with Eqns. (5.3) and (5.4).

Figure 5-25 shows the structures of proposed intermediates on the platinum surface, 

for both ethane (a, b) and propane (c, d) after dissociative adsorption.

Figure 5-25 Proposed intermediate species on platinum surface: (a) and (b) -  from

ethane; (c) and (d) -  from propane.

The intermediate species formed at the platinum sites are not expected to retain the 

double bond characteristic of rr-bonded alkenes, for two reasons. The first reason is 

adsorption of an alkene on platinum surface typically involves interaction with two metal 

atoms, and results in formation of a single C -  C bond oriented parallel to the surface as 

shown in Figure 5-25 (b) [7], The analogous structure resulting from adsorption of 

propane is shown in Figure 5-25 (d).

The second reason is that, even if species (a) and (c) exist under these conditions, 

drawing of electrons away from the platinum surface results in electron deficiency in the 

vicinity of the metal surface sites. Thus, under acidic conditions, the electrons in the % 

bond, which is rich in electrons cloud, wilt be attracted toward the catalyst surface to 

form a-bonds. Consequently, it is anticipated that species such as (b) and (d) are expected 

to prevail.

H2C CH2
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H 2 C H 3

H H
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Conclusions can be drawn from the combination of polarization curves and 

electrochemical products obtained. The first conclusion is that intermediate species like 

the one shown in Figures 5-25 (b) and 5-25 (d) are probably formed initially by 

dissociative chemisorption of alkane feed, and that these species bond strongly to the 

platinum catalyst sites. The detection of only Ci products (Ci refers to species with one 

carbon atom) suggests that the C 2  and C 3  intermediates so formed then react further rather 

than desorb as alkenes once they are thermally activated [8], Thus the mechanism 

necessarily involves a C -  C bond breaking step.

The second important conclusion is that the cleavage of C -  C bond happened during 

the electrochemical reaction sequence. It probably occurs as a result of the strong 

bonding o f intermediate species to multiple sites at the platinum surface, resulting in 

weakening of the carbon-carbon bonds, and leading to the fragmentation of the 

intermediates. Unlike C=C bond, less energy was required to break the C -  C bond. 

According to Wade Jr. [9], the bond energy of a carbon-carbon double bond is about 611 

kJ.mol'1 while the single bond energy is about 347 kJ.mol'1. Furthermore, Fahmi et al. 

reported that the C -  C bond strength was weakened upon adsorbing onto the catalyst 

surface compared to when it was in gas phase [10],

Another important conclusion is that the intermediate species formed by 

dehydrogenation are strongly bonded to the surface of platinum, and consequently have 

sufficient time to react further with water to form oxide species.

5.5.4 High Temperature Hydrocarbon Fuel Cells

To date, the concept for low temperature hydrocarbon fuel cells has been based on 

the perturbation of equilibrium limitation of the thermal process to produce olefins from 

paraffins, and at the same time generate satisfactory current flow. Although conceptually 

achievable, kinetically, the process has been proven very difficult to implement.

Operation at low temperatures requires use of expensive noble metals as effective 

dehydrogenation catalysts. Noble metal catalysts that have been tried include platinum, 

palladium black and platinum-ruthenium black. However, none of these catalysts have 

provided improved performance in terms of larger and sustainable current flow under 

anhydrous conditions. At temperatures of 200 to 250°C, dehydrogenation of light alkanes
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to alkenes is still not highly favorable. Further, when the same catalysts are used under 

humidified conditions, the products are CO and CO2.

Because of these limitations on conversion of alkanes in low temperature fuel cells, I 

have now tried a new approach. Like previous case, perturbation of the equilibrium 

limitation was still attempted by removal of hydrogen as protons from catalyst active 

sites so that the electrochemical reaction will keep moving forward. In addition to this, 

another layer of catalyst was used for converting propane to propylene first through 

catalytic thermal dehydrogenation. This will produce hydrogen which will then diffuse 

and selectively adsorbed onto another catalyst layer for further electrochemical reaction. 

Activation of propane to undergo a dehydrogenation process is thermodynamically easier 

when compared to ethane. Consequently, propane was selected as fuel for this component 

of the study.

A modification was made to the anode structure. Two layers of catalyst were applied 

consisting of two platinum layers. One layer was directly applied onto the membrane 

surface, to serve as the catalyst layer for electrochemical reactions. For this layer, 5 

mg. cm'2 o f phosphoric acid was added to serve as proton carrier across the electrode­

membrane interface. Another layer was applied onto the external surface of the anode, 

and acted as a catalyst layer for thermal catalytic dehydrogenation process. A total of 100 

mg of 20 wt% Pt/C was applied for this catalyst layer. Platinum was again used as the 

cathode electrocatalyst for O2 gas.

Before fuel cells experiments were carried out, the effectiveness of Pt/C (20 wt%) as 

dehydrogenation catalyst was tested. Figure 5-26 shows the results obtained at different 

operating temperatures compared to theoretical H2 generated from dehydrogenation of 

propane at equilibrium. The hydrogen concentration in the effluent increased with 

temperature, increasing rapidly over 250°C.

At temperatures lower than 200°C, particularly 150°C, no propylene was detected 

using G.C. analysis. Different catalyst loadings also affected the amount o f hydrogen and 

propylene produced. Generally, the higher the platinum loading, the higher was the yield. 

Figure 5-27 shows the polarization curve obtained during cell operation. Clearly, cell 

performance improved as a result of the presence o f thermally generated hydrogen. 

Hydrogen was selectively oxidized in preference to propane.
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Figure 5-26 Variation of hydrogen produced from dehydrogenation reaction of C3H8 with 

temperatures at 1 atm pressure with different catalyst loadings.
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Figure 5-27 Polarization curve of C3HS-O2 fuel cells at 215°C (anhydrous conditions) 

after applying two layers o f platinum on different sides of anode (I.R. was 0.33 Ohm).
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Figure 5-27 shows that there was an improvement in current density under 

anhydrous condition, compared to results shown in Figure 5-19. The sustainability of 

current flow was poor, as shown in Figure 5-28. When fuel cells were operated at OCV, 

formation of propylene was observed, using G.C. analysis. But, during operation at 200 

m V ,  the propylene produced from the catalytic reaction diminished. This confirmed that, 

during fuel cell operation, propylene produced was retained strongly on the platinum 

surface by forming stable intermediate species.
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Figure 5-28 Sustainability of current flow at 200 mV during the C3H8-O2 fuel cell 

operation at 215°C and 1 atm pressure.

The above results were consistent with the proposal that low temperature 

hydrocarbon fuel cells cannot produce large current flow (> 100 mA/ cm2) because of the 

formation of very stable intermediate species on the catalyst surface. Thus the 

intermediate species had a poisoning effect, and blocked other reactants from adsorbing 

onto the catalyst surface.

Another cause of low current flow is a result of the equilibrium limitation. As shown 

in Figure 5-26, 5500 ppm of hydrogen is the maximum concentration that can be 

produced under equilibrium conditions by thermal dehydrogenation of propane at 300°C. 

Mass transport limitations as well as ionic resistance of membranes reduce the rate of
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conversion of hydrogen. Mass transport limitation occurs because of equilibrium 

gradients established between bulk concentration and concentration of hydrogen near the 

catalyst surface.

Performance of an alkane fuel cell is a function of partial pressure o f hydrogen, as 

shown by the Nemst equation for the half-cell reaction at the anode side for propane:

/  r> r, N

(5.9)
IF

p  pr H2rC,H6
P\  rC>Hs j

Dilution of hydrogen produced from the dehydrogenation process by incoming 

propane, which predominate in the anode atmosphere, further reduces the current flow of 

fuel cells. So, to improve the kinetics, high temperature fuel cell is preferred, in which 

thermal dehydrogenation can produce higher amounts of hydrogen. Hydrogen is more 

reactive than propane or propylene and thus, it will be selectively and rapidly adsorbed 

onto the catalyst surface. This adsorbed hydrogen will be oxidized to form protons, thus 

leaving propylene as the product.

Figures 5-29 and 5-30 show the effect of hydrogen partial pressure on the amount of 

electricity generated. Dilution with N2 gas was used to mimic hydrocarbon fuel cells 

operation. Figure 5-29 shows a mass control region at current densities over 25.0 

mA.cm'2 for a stream containing 2% H2. Figure 5-30 shows that the onset of a mass 

controlling region occurred at higher current density, approximately 170 mA.cm'2 for a 

stream containing 13% H2. Explicitly, higher concentration of hydrogen resulted in 

higher current flow. It should be noted that all hydrogen may not have been consumed 

during the fuel cell operations. For the experiment shown in Figure 5-29, about 80% 

(nearly 1.6% ofH 2 was consumed out of 2% present initially) of hydrogen was consumed 

at values before the mass transfer region. In total, approximately 90% of hydrogen was 

consumed (only 0.2% of H2 in tailing gas out of 2% initially). For the Figure 5-30, 73% 

of hydrogen was consumed (only 3.5% of H2 in tailing gas) at values before the mass 

transport region. In total, about 84% of hydrogen was consumed (2% of H2 in tailing gas 

out of 13% H2 present initially) to produce that large current flow. These experiments 

showed that high temperature fuel cells can be used to generate large current flow and 

obtain value-added products by conversion of alkane feed because thermal 

dehydrogenation of propane can produce high amount of hydrogen.
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Figure 5-29 Polarization curve of hydrogen (2 vol%) diluted with nitrogen at 150°C, and

the concentration of hydrogen in tailing gas (I.R. was 0.36 Ohm).
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Figure 5-30 Polarization curve of hydrogen (13 vol%) diluted with nitrogen at 150°C, and 

the concentration of hydrogen in tailing gas (I.R. was 0.36 Ohm).
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Figure 5-31 shows the linear relationship between H2 concentrations in the inlet 

stream and current flow. The equation obtained can be used to predict the current density 

o f hydrocarbon fuel cells operated at high temperatures, at which dehydrogenation of 

propane can produce significant amounts of hydrogen.
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Figure 5-31 Effect of H2 concentration on current density at 150°C under anhydrous

conditions. (I.R. was 0.38 Ohm).

Figure 5-32 shows the effect of theoretical hydrogen concentration produced from 

the dehydrogenation of C3H8 with reaction temperature at 1 atm pressure. Obviously, 

high temperature favor production of H2. At temperatures approaching 900°C, nearly all 

propane will be dehydrogenated to form approximately equimolar amounts of H2 and 

C3H6, with smaller amounts of by-products. If the same conditions are as shown in Figure 

5-31, then the derived equation can be used to predict the current density, assuming a 

constant I.R. of 0.38 Ohm. Apparently, an operating temperature lower than 500°C is not 

sufficient to produce a high enough H2 concentration to generate a current density larger 

than 100 mA.cm'2. The fraction of H2 at temperatures over 500°C is at least 0.14 and the 

current density that can be generated increases to about 500 mA.cm'2 at 900°C. Thus the
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equation derived from data in Figure 5-31 suggests that, with appropriate catalysts, high 

current densities can be achieved using high temperature fuel cells for conversion of 

alkanes using thermal dehydrogenation reactions.
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Figure 5-32 Predicted values for hydrogen concentration produced from dehydrogenation 

of C3H8 and current density, assuming conditions presented in Figure 5-30.

CONCLUSIONS

Conversion of ethane and propane to the corresponding alkenes in low temperature 

fuel cell using H3PO4 doped PBI polymer membranes was not feasible under anhydrous 

conditions. Under these conditions, formation of very stable intermediate species 

poisoned the surface of noble metal catalysts. The intermediate species could not react 

further into desorbable final products, thus preventing further electrochemical reactions. 

As a result, the stable intermediate species, which were retained strongly by platinum, 

remained on the catalyst surface and blocked further access by fresh paraffins. So, a small 

and unsustainable current flow was obtained.
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In the presence of water, electrochemical reactions, especially at the anode side, 

allowed further reaction to form CO and CO2 as products that were easily detached from 

the catalyst surface. Thus, fresh reactant was continuously chemisorbed onto the catalyst 

surface, resulting in significantly higher and sustainable current density. It was also 

shown from operation of a H2-C2H4 fuel cell that adsorption of C2H6 was poor especially 

below 300 mV.

High temperature fuel cells can generate larger current flows and produced olefins as 

value-added products. Thermodynamically, high temperatures are more suitable for 

thermal dehydrogenation of paraffins.

REFERENCES

[1] Smith, J.M., H.C. van Ness and M.M. Abbott, “Introduction to Chemical 

Engineering Thermodynamic”, 5th Edition, McGraw-Hill International Editions, 

Singapore (1996), pp. 638.

[2] Otsuka, T., T. Ina and I. Yamanaka, “The partial oxidation of methanol using a 

fuel cells reactor”, Appl. Catal. A: General, 247, 219 -  229 (2003).

[3] Bodke, A.S., D.A. Olschki, L.D. Schmidt and E. Ranzi, “High selectivities to 

ethylene by partial oxidation of ethane’, Science, 285, 712 -715  (1999).

[4] Gorer, A., “Platinum-Ruthenium-Nickel alloy for use as a fuel cells catalyst”, U. 

S. Patent #6,517,965 (2003).

[5] Uzio, D., B. Didillon and E. Pellier, “Catalyst comprising an element from groups 

8, 9 or 10 with good accessibility, and its use in a paraffin dehydrogenation 

process”, U. S. Patent #6,498,280 (2002).

[6] Savadogo, O., and F.J.R. Varela, “Low-temperature direct propane polymer 

electrolyte membranes fuel cells (DPFC)”, I. New Mat. Electrochem. Systems, 4, 

93 -  97 (2000).

[7] Zarea, F., “Probing catalytic reactions at surface”, Prog, in Surf. Sci., 69, 

1 -  98 (2001).

[8] Kemball, C., and H.S. Taylor, “The catalytic decomposition of ethane and ethane- 

hydrogen mixtures”, J. Am. Chem. Soc., 70 (1), 345 -  351 (1948).

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[9] Wade, Jr.L.G., “Alkenes: Structure and synthesis”, in “Organic chemistry”, 

Prentice-Hall, Inc., Englewood Cliffs, NJ (1987), pp. 241.

[10] Fahmi, A., and R.A. van Santen, “Density functional study of ethylene adsorption 

on palladium clusters”, J. Phys. Chem., 100, 5676 -  5680 (1996).

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE WORK

6.1 CONCLUSIONS

H3PO4 doped PBI membranes have been prepared using a high molecular weight 

FBI polymer powder, and have been shown to be suitable for use in both low and 

intermediate temperature fuel cells.

The solution casting method with mild heat treatment was used to prepare 

membranes having a PBI matrix with a dense microstructure, as determined using optical 

microscope analysis for comparison of PBI and Nafion™ membranes. Both membranes 

exhibited the same microstructure morphology, with only tiny micropores.

Doping with H3PO4 was performed using the immersion method. H3PO4 was chosen 

as electrolyte. It is a very hygroscopic material, and self-dissociates under anhydrous 

conditions. Hence, by loading H3PO4 onto PBI matrix, membranes were fabricated that 

were capable o f being operated under anhydrous conditions or with very low levels of 

humidification. Doping time was reduced appreciably by increasing the temperature, to 

provide membranes with good ionic conductivity, comparable to that of membranes 

doped at room temperature for extended periods of 3 to 10 days reported earlier by other 

authors.

It was also shown that these PBI membranes remained active during operation over 

several days at temperatures up to 250°C. The stability o f the ionic conductivity was 

ensured by operation under conditions of very low humidification, or by partial retention 

of water generated during continuous running of fuel cells. Furthermore, prolonged 

operation at 250°C in severely oxidizing and reducing environments, as found in H2-O2
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fuel cells, caused no chemical decomposition of these PBI membranes. DSC analysis of 

used and new membranes showed that no thermal or chemical degradation occurred 

during use of H3PO4 doped PBI membranes.

H 3 P O 4  doped PBI membranes also provided better resistance to gas permeation than 

commercial Nafion™ membranes, particularly to hydrogen and oxygen, at all 

temperatures tested. Thus PBI membranes prepared using the solution casting method 

had superior morphology as well as superiour thermal and chemical stability when 

compared to Nafion™ membranes.

H3PO4 doped PBI membranes prepared from high M.W. PBI performed well in 

H2-Q2 and hydrocarbon-02 fuel cells. Large current densities and high open circuit 

potential were obtained using H2-O2 fuel cells under anhydrous conditions. This 

confirmed that the design of the single cell constructed in house was satisfactory, and that 

the design and materials used prevented gas leakage. The performance of these fuel cells 

was enhanced through the production of water vapor at the cathode side. Water vapor 

kept the membranes hydrated through adsorbtion by the hygroscopic phosphoric acid 

component of the PBI matrix.

Hydrocarbon-02 fuel cells developed good cell potentials, typically in the range of 

600 to 700 mV, over a range of conditions. However, the product slate depended on 

temperature. At low temperatures, the current density was low and the OCV was small 

under anhydrous conditions. In contrast, a significant current flow was obtained when the 

anode feed was slightly humidified. High humidification was undesirable, due to the 

highly hygroscopic nature of H3PO4. At temperatures below 200°C, oxidation of 

paraffins at the anode side in the presence of H 2O produced only CO and C 0 2, the 

proportions o f each depending on the temperature and potential of the cell. The 

mechanism under these conditions appeared to involve formation of strongly bound 

hydrocarbon fragments at surface active sites, followed by reaction with water to ‘clean’ 

the surface o f the noble metal catalyst, and thereby generate fresh sites for reaction with 

hydrocarbon. Without participation of water in the electrochemistry reaction, negligible 

current flow was obtained. Thus, at low temperatures the system behaved as a direct 

hydrocarbon fuel cell.
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In contrast, when the same fuel cell was operated with propane as feed at high 

temperatures with two layers of catalyst applied at the anode side, current density has 

improved. However, it was not sustainable over prolonged operating time.

6.2 RECOMMENDATIONS FOR FUTURE WORK

It is recommended that the present work be extended to the investigation of 

conversion of light hydrocarbons in high temperature fuel cells, for sustainable co­

generation of electrical power and olefins.

Operation at high temperature permits utilization of metal catalysts other than noble 

metals for effective dehydrogenation of light paraffins, particularly for conversion of 

ethane and propane. This may reduce capital costs associated with fuel cell manufacture, 

since noble metals that are normally employed in low temperature fuel cells, including 

platinum, ruthenium and palladium, are expensive.

Operating costs will be reduced by utilization of heat energy of the high temperature 

effluent, which is impractical for low temperature systems.

Lower temperature fuel cells normally utilize strong acid or polymers having acidic 

substituents as the electrolyte. The acidic environment hinders desorption of olefins from 

catalyst surface. The n bond of olefins, which is rich in electrons, binds strongly to the 

resulting electron deficient catalyst sites. As a result, intermediate species will form that 

are strongly bound to the active sites, thereby blocking the catalyst surface from further 

adsorption of fresh reactants. The strong catalyst-intermediate interaction may also be a 

factor in cracking the C -  C bonds of the hydrocarbon feed to form Ci fragments, leading 

to formation of CO and CO2 at low temperatures. In contrast, high temperature fuel cells 

normally use ceramic proton conductors. In these systems, there are no strong acid 

effects. A more basic metal catalyst may be preferred, capable of extracting hydrogen 

from paraffins. Another advantage would accrue because basic materials are rich in 

electrons, leading to reduced propensity for disruption of the original carbon backbone 

structure o f the feed hydrocarbon, thus retaining that structure in the olefin product, and 

promoting desorption of that product.
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From thermodynamic considerations, higher temperatures, especially greater than 

500°C, provide favorable conditions for production of unsaturated hydrocarbon products 

in a thermal dehydrogenation step. Hydrogen has been identified as mostly responsible 

species for large current flow because of its high reactivity. It is selectively oxidized to 

protons at the anode side, thus driving the reaction and sustaining current flow. 

Therefore, high temperature fuel cells are expected to generate higher current density 

concurrently with conversion of hydrocarbon feed to value-added products.
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APPENDIX A1

Table A l-1 Experimental results for O2 permeating through dry, untreated Nafion™ 

membranes.

Temperature Membrane Membrane AP Molar Flux Permeability of 0 2

°C Area, m2 thickness, m 0 2 (Pa) 0 2 (mol sec."1 cm"1) (mol sec^m^Pa"1)

25 0.000314 0.0002 101349.5 2.26E-11 2.23E-14

25 0.000314 0.0002 137891.9 2.28E-11 1.65E-14

25 0.000314 0.0002 176503.1 2.11E-11 1.20E-14

25 0.000314 0.0002 215803.7 1.98E-11 9.16E-15

50 0.000314 0.0002 101349.2 2.42E-11 2.39E-14

50 0.000314 0.0002 133755.2 2.15E-11 1.6 IE -14

50 0.000314 0.0002 182708.3 2.14E-11 1.17E-14

50 0.000314 0.0002 215113.1 2.56E-11 1.19E-14

80 0.000314 0.0002 101349.2 2.36E-11 2.33E-14

80 0.000314 0.0002 141339.2 2.31E-11 1.63E-14

80 0.000314 0.0002 177881.1 2.59E-11 1.45E-14

80 0.000314 0.0002 219940.2 2.13E-11 9.67E-15

120 0.000314 0.0002 101349 2.51E-11 2.47E-14

120 0.000314 0.0002 133063.9 3.19E-11 2.39E-14

120 0.000314 0.0002 173742.8 3.39E-11 1.95E-14

120 0.000314 0.0002 207525 4.82E-11 2.32E-14
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Table A l-2 Experimental results for H2 permeating through dry, untreated Nafion™

membranes.

Temperature Membrane Membrane AP Molar Flux Permeability of H2

°C Area, m2 thickness, m H2 (Pa) H2 (mol sec.'1cm'1) (mol sec.^m 'Pa1)

25 0.0001 0.0002 101350.81 1.99208E-11 1.96553E-14

25 0.0001 0.0002 137547.99 2.38604E-11 1.73469E-14

25 0.0001 0.0002 172710.51 3.0639E-11 1.77401E-14

40 0.0001 0.0002 101349.16 3.16872E-11 3.12654E-14

40 0.0001 0.0002 135132.68 3.90541E-11 2.89006E-14

40 0.0001 0.0002 178224.28 4.58843E-11 2.57453E-14

60 0.0001 0.0002 101347.19 4.59909E-11 4.53795E-14

60 0.0001 0.0002 137887.61 6.1192E-11 4.43782E-14

60 0.0001 0.0002 172016.62 6.18325E-11 3.59456E-14

80 0.0001 0.0002 101344.99 6.27669E-11 6.19339E-14

80 0.0001 0.0002 140298.2 7.92953E-11 5.65191E-14

80 0.0001 0.0002 176835.57 1.17309E-10 6.63378E-14

100 0.0001 0.0002 101341.29 9.27866E-11 9.15585E-14

100 0.0001 0.0002 138566.65 1.38877E-10 1.00224E-13

100 0.0001 0.0002 169577.51 2.48243E-10 1.46389E-13

120 0.0001 0.0002 101333.96 1.43844E-10 1.4195E-13

120 0.0001 0.0002 134410.14 2.77028E-10 2.06107E-13

120 0.0001 0.0002 177113.33 3.14532E-09 1.77588E-12

130 0.0001 0.0002 101298.36 3.99038E-10 3.93923E-13
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Table A l-3 Experimental results for O2 permeating through treated FBI membranes.

Tem perature Membrane M embrane A P M olar Flux Perm eability o f  0 2

°c Area, m2 thickness, m O2 (Pa) 0 2 (mol sec.'1 cm'1) (mol sec.^m ^P a1)

25 0.0002268 0.0001 101350.01 1.37044E-11 1.35219E-14
25 0.0002268 0.0001 135823.72 1.44976E-11 1.06738E-14
25 0.0002268 0.0001 177192.76 1.3591E-11 7.67018E-15
25 0.0002268 0.0001 206840.52 1.36101E-11 6.58E-15
50 0.0002268 0.0001 101349.4 1.5755E-11 1.55453E-14
50 0.0002268 0.0001 137202.61 1.50444E-11 1.0965 IE -14
50 0.0002268 0.0001 172366.24 1.46374E-11 8.49204E-15
50 0.0002268 0.0001 204771.53 1.54873E-11 7.56319E-15

80 0.0002268 0.0001 101349.73 1.4765E-11 1.45684E-14
80 0.0002268 0.0001 139271.34 1.37039E-11 9.8397E-15
80 0.0002268 0.0001 171677.07 1.3041 IE-11 7.59628E-15
80 0.0002268 0.0001 209597.8 1.55802E-11 7.43339E-15
120 0.0002268 0.0001 101349.33 1.59379E-11 1.57257E-14
120 0.0002268 0.0001 139271.08 1.46335E-11 1.05072E-14
120 0.0002268 0.0001 175124.82 1.17054E-11 6.68406E-15
120 0.0002268 0.0001 217182.68 1.32577E-11 6.10441E-15
150 0.0002268 0.0001 101349.59 1.52558E-11 1.50526E-14
150 0.0002268 0.0001 137202.6 1.47765E-11 1.07698E-14
150 0.0002268 0.0001 173745.07 1.46944E-11 8.45748E-15
150 0.0002268 0.0001 209598.27 1.40414E-11 6.69922E-15

166 0.0002268 0.0001 101350.17 1.31262E-11 1.29513E-14
180 0.0002268 0.0001 101350 1.37824E-11 1.35988E-14
190 0.0002268 0.0001 101345.45 3.1377E-11 3.09604E-14

200 0.0002268 0.0001 101344.37 3.54069E-11 3.49372E-14

200 0.0002268 0.0001 101328.84 9.68342E-11 9.55643E-14
200 0.0002268 0.0001 101320.84 1.26129E-10 1.24485E-13
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Table A l-4  Experimental results for H2  permeating through treated FBI membranes.

Tem perature M embrane M embrane AP Molar Flux Perm eability o f H2

°c Area, m2 thickness, m H2 (Pa) H2 (mol sec. ’cm'1) (m ol sec.^m^Pa'1)

25 0.00011314 0.000275 101352.1 1.32537E-11 1.30769E-14

25 0.00011314 0.000275 133756.5 2.29563E-11 1.71628E-14

25 0.00011314 0.000275 165470.5 4.16653E-11 2.51799E-14

25 0.00011314 0.000275 101351.4 1.95727E-11 1.93117E-14

50 0.00011314 0.000275 101351.7 1.62725E-11 1.60554E-14

50 0.00011314 0.000275 140306.0 2.72156E-11 1.93973E-14

80 0.00011314 0.000275 101350.0 3.11464E-11 3.07315E-14

80 0.00011314 0.000275 132722.1 2.46425E-11 1.8567E-14

80 0.00011314 0.000275 180294.7 3.90506E-11 2.16593E-14

120 0.00011314 0.000275 101348.9 4.12207E-11 4.0672E-14

120 0.00011314 0.000275 134787.9 4 .81138E-11 3.56959E-14

120 0.00011314 0.000275 202701,2 5 .15923E-11 2.54524E-14

150 0.00011314 0.000275 101350.4 2.74772E-11 2.7111 IE-14

150 0.00011314 0.000275 143750.5 5.29517E-11 3.68358E-14

150 0.00011314 0.000275 181671.1 6.05693E-11 3.33401E-14

170 0.00011314 0.000275 101350.6 2.70168E-11 2.66567E-14

170 0.00011314 0.000275 144442.8 2.96784E-11 2.05468E-14

170 0.00011314 0.000275 151337.8 2.71477E-11 1.79385E-14

170 0.00011314 0.000275 155474.7 2.72523E-11 1.75284E-14

200 0.00011314 0.000275 101346.6 6.05438E-10 5.9776E-13
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APPENDIX A2

1st Calculations Method: Assuming electrochemical reaction in series at anode side

Sample calculations are shown here for C2H6-O2 fuel cell:
«

For inlet volumetric flowrate, V -  1.0 x 1G'6 m3.s_1 at STP

From Ideal Gas Law; P F  = nRT 

where R  = Gas constant

T = Absolute temperature (K)

P = Pressure of C2H6 

n = Molar flowrate 

Thus; n = 4.08968942 x 10'5 mol.s'1

Performing mass balance at anode side:

h 2o  — -— ►

CjHs ------------►

For example, from G.C. analysis:

[CO] = 780 ppm 

[CO2] = 440 ppm

Assumptions made:

i) Amount of water is negligible and is excluded from mass balance calculations.

ii) The following half-cell reactions, (A2.1) and (A2.2) happened at the anode 

side with further assumption that C2EL was first converted to CO and part of 

CO later on reacted to produce C 02.
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Half-cell reactions at anode: C2H6 + 2 H2O -> 2 CO + 10 H+ + 10 e'

CO + H20  -> C 02 + 2 H+ + 2 e

(A2.1)

(A2.2)

Perform atomic balance on C atom:

Atom Cjn = Atom Cout

2 x n = {Molar fraction of CO at outlet x Qout} + {Molar fraction of C 02 x Qout} + {Molar 

fraction o f C2H6 x Qout)

{2 x 4.08968942 x 10'5 mol.s'1} = 0.78xl0'3Qout + 0.44xl0'3 Qout + {2 x (l-0 .78x l0 '3 -

0.44x1 O'3) x Qout

{2 x 4.08968942 x 10*5 mol.s'1} = 0.78xl0'3Qout + 0.44xl0*3 Qout + {2 x 0.99878 x Q out} 

Qout = 4.09219 x 10'5 mol.s'1

Thus; (C2H4)out = Qout x 0.99878

= 4.0872 x 10'5 mol.s'1 

(C2H4)converted = n -  4.08719 X 10'5 mol.s'1 

= 2.496 x 1 O'8 mol.s'1 

(CO)generated = 2 x  (C2H4)COnverted = 4.992 X 10'8 mol.s'1 

(C02)ge„erated ~ 0.44xl0'3 x 4.09219 x 10'5 mol.s'1 = 1.8 X 10'8 mol.s'1

Calculations for current flow:

Current flow = Current produced by (A2.1) + Current produced by (A2.2)

= {No. of electrons produced by (A2.1) x F  x (CzHOconverted} + {No. of 

electrons produced by (A2.2) x F x  ( C 0 2) generated 

= 96500 x 10 x 2.496 x 10'8 + 96500 x 2 x 1.8 x 10*8 

= 27.56 mA

2nd Calculations Method: Assuming parallel reactions at anode side

Unlike first case where we assume the reactions are in series, in this case, we assume that 

electrochemistry reactions took place were parallel reactions where CO and C 02 are 

competing with each other to get converted from C2H6.
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Overall reactions: C2H6 + ^  O2  2 CO + 3 H20

C2H6+ y 2 0 2 “» 2 C 02 + 3 H20

(A2.3)

(A2.4)

Half-cell reaction for (A2.3V

Cathode reaction: ^  O2 + 5 H+ + 5 e' ^  H20

Anode reaction: If cathode reaction needs 5 mol of proton, the reaction at the anode

must release 5 Ef*.

Half-cell reaction for (A2.4):

Cathode reaction: Z Q  + ? H + +1 e~ -> Y  H 20

Anode reaction: As in reaction (A2.3), 7 mol of H^ are needed to accomplish this

reaction.

Remarks: The written overall reactions are based on 2 mol of CO and CO2 produced. As 

for the half-cell reactions, they are based on 1 mol of CO and CO2 generated.

Calculations for current flow:

Early calculations have shown that conversion is low, so, for simplicity, we can just

assume that basically, Q out is equal to the inlet Qc2h6

Thus;

CO produced = 0.00078 x 4.08968942 x 10'5 mol.s-1 

= 3.19 x 10'8 mol/s 

CO2 produced = 0.00044 x 4.08968942 x 10'5 mol.s-1 

= 1.80 x IQ-8 mol/s 

Current flow = Total current produced by both reactions in parallel 

= (96500 x 3.19 x 10-8 x 5) + (96500 x 1.80 x 10-8 x 7)

= 27.55 mA
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