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Preface 
 

This thesis presents researches of two stages. The first stage which 
consisted of the membrane preparation and characterization was mainly 
performed in the Universitat Rovira i Virgili (URV - Spain), some parts of 
the membrane characterization were in collaboration with Universidad de 
Málaga (Spain) and Universidad de Valladolid (Spain). The second stage 
consisted of the fuel cell test, which was performed in IWV-3, 
Forschungszentrum Jülich, Germany. 

I would like to begin by acknowledging those professors who were 
instrumental in the development of my PhD research.  First I would like 
to acknowledge Prof. Ricard Garcia Valls of URV because through him 
my research in fuel cell membrane began three years ago and to 
Universitat Rovira i Virgili (URV) for providing the doctoral scholarship. 
As we started we only had a manual casting knife in our lab to prepare 
membrane. After one year’s struggle with material, equipment and testing 
conditions, we finally found an exciting direction ----- Lignosulfonate 
Membranes (LS membranes). The optimization and characterization of the 
membrane were difficult since we were the first to use porous membrane 
in fuel cells and it was the first time that LS was used in polymeric 
membranes. Second, I would like to acknowledge Dr. Laura Palacio 
Martínez and Dr. Javier Carmona del Rio of Universidad de Valladolid for 
their help with contact angle measurement and some of the atomic force 
microscopic (AFM) characterization. The rest of the members in their 
groups also deserve recognition for their help. Third, I would like to 
acknowledge Dr. Juana Benavente of Universidad de Málaga who helped 
with the measurement of the membrane ion conductivity. 

 Finally, I would like to acknowledge Dr. Andreas Glüsen of IWV-3 
(Forschungszentrum Jülich, Germany) for his support and guidance and 
to Deutscher Akademischer Austauschdienst (DAAD) for providing the 
grant for my research there. 

Under Dr. Glüsen’s supervision the electrochemical and electrical 
characterizations (or fuel cell test) of the LS membranes were performed. 
He showed extreme patience with the membrane test, encouraged and 
instructed me when I was disappointed after many failures to fabricate 
Membrane Electrode Assembly (MEA). His support made me understand 
much better about fuel cell membranes and made my research stay 
fruitful ---- one chapter of the thesis and one paper were based on these 
efforts. I would also like to take this chance to thank Mr. Jürgen Mergel 
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and his group members for their kind help; Furthermore, I would like to 
thank the Bahá’í community in Jülich for the hospitality and spiritual 
support.  

Looking back into the past, Prof. Shenyi Tong led me into polymer science 
during my Master study. His devotion into the polymer science 
contributed to my interests in polymer synthesis and application field. 
Through him, I learned how to start a research project which made my 
PhD research easier.    

My stay in Spain has been pleasant because of the support and friendship 
of many. I would have never imagined that upon my arrival at the airport 
at midnight, I would have my professor Dr. Ioanis Katakis picking me up 
with my heavy luggage and helping me settle down at the beginning. He 
also helped me get started in the university. Of course, I would like to 
thank all the professors and my colleagues in the group for their support, 
especially to Claudia Barba for her warmest welcome and friendship. Also 
I would like to thank those professors and colleagues of the department, 
the scientific service center and the language service center who gave me 
kindly support. During these four years, my friends Paulo, Luciana, 
Baltazar, Chimentão, Oscar, Costanza, Xavier, Justyna and Haydée made 
great efforts helping my Spanish, embracing me into their social activities 
and giving me valuable suggestions. Their friendship will always last in 
my heart. I am also grateful for the support of the Bahá’í community in 
Tarragona. They provided a peaceful environment around me and made 
me feel at home. Especially to Mr. & Mrs. Mohabbat, who took care of me 
as their own child. May God bless them. 

I would like to thank those who gave me support at any moment; their 
actions filled my heart with gratitude and to those who gave me 
challenges, which taught me to be strong.  

I dedicate this thesis to my loving family. Without their help, 
understanding, support and love, I would never achieve my goals. Mainly 
to my mother who has been by my side in all situations; she has been so 
patient, open-minded, and instructive all these years, she believes in me 
more than I believe in myself.  

In memory of my dear grandmother who passed away three months after 
I came to Spain, and my grandfather, who loved me always. 

To God, the All-Glorious, the Supreme Helper.  
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Summary 
 

 

This thesis presents the preparation and characterization of three novel 
proton exchange membranes: poly(ethylene glycol) (PEG) composite 
membranes, polyamide (PA) composite membranes and Lignosulfonate 
(LS) membranes. Among them, LS membranes were tested in a direct 
methanol fuel cell. LS membranes were the innovation of this thesis, 
through which we pointed out that porous membrane can also be 
considered in the fuel cell application. 

 

• Two kinds of composite membranes were prepared by 
separately coating poly(ethylene glycol) (PEG) and polyamide 
(PA) skin layers onto polysulfone (PSU) porous supports. 
Lignosulfonate (LS) and the derivative of phosphoric acid were 
incorporated into the PA network to perform as “proton carriers”. 
Skin layer and support were optimized separately for the two 
types of membranes. PEG composite membranes showed water-
dependent proton conductivity, while PA composite membranes 
showed proton hopping mechanism through acid groups and base 
groups. Comparing to Nafion 117, these two kinds of membranes 
had lower proton transport ability and need to be further 
improved if they are to be considered for applications in fuel cells.  

 

• Hybrid LS membranes were also prepared by blending LS with 
PSU and then by immersion precipitation method. Influential 
factors were investigated such as PSU/LS proportion, the 
temperature of the casting solution, the precipitation temperature 
and the composition of the precipitation bath. The best results 
were obtained for membranes prepared from the casting solution 
at 35 ºC, precipitated at 15 ºC in a water bath. High LS content in 
the membrane gave better mass transport ability. 

Membrane morphology changes detected by scanning electron 
microscopy (SEM) and atomic force microscopy (AFM) led us to 
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analyze the transport ability from the microscopic point of view. 
Proper nodule size or aggregation and orientated distribution on 
the membrane surface favored for the proton transport. 

The electrochemical properties of LS membranes were also 
characterized. LS membranes achieved acceptable proton 
conductivities with very low ion exchange capacity (IEC).  

 

• Membrane electrode assemblies (MEAs) were fabricated and 
their cell performances were measured in a single direct 
methanol fuel cell (DMFC). The MEA fabrication conditions were 
not optimized, the contact between electrodes and membranes 
was the difficult part of the fabrication. It proved the possibility 
for LS membranes to be used in DMFC. 
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Resumen 
 

 

En esa tesis se presentan tres nuevas membranas de intercambio de 
protón; los tres siguientes temas fueron llevados a cabo: 

• Dos clases de membranas compuestas fueron preparadas 
utilizando polisulfona (PSU) como soporte poroso sobre las cuales 
se depositó una capa activa. En un caso se utilizó polietilenglicol 
(PEG) y en el otro poliamida (PA). Derivados del ácido fosfórico y  
lignosulfonados (LS) fueron incluidos en la estructura de la PA 
para actuar como agentes transportadores de protones. Las capas 
y el soporte fueron optimizados por separado para los dos tipos 
de membranas. Las membranas compuestas preparadas 
utilizando PEG mostraron una conductividad de protón que 
dependía de la presencia del agua, mientras que las membranas 
compuestas preparadas utilizando PA siguieron el mecanismo de 
“hopping”, a través de grupos de ácidos y grupos de base. 
Comparadas a Nafion 117, estas dos clases de membranas 
presentaron capacidad para el transporte de protones más baja y 
deberían ser mejoradas para su aplicación en celdas de 
combustible.  

• Se obtuvieron también membranas híbridas de LS, preparadas 
mediante la mezcla de los dos polímeros, LS y PSU, siguiendo el 
método de precipitación en inmersión. Los parámetros influyentes 
investigados fueron la proporción de PSU / LS, la temperatura de 
la solución polimérica de “casting”, la temperatura de 
precipitación y la composición del baño de precipitación. Los 
mejores resultados fueron obtenidos para membranas preparadas 
con la solución polimérica “casting” a 35 ºC, baño de precipitación 
a 15 ºC con una composición al 100% de agua. Las membranas con 
altos contenidos en LS presentaron mejor transporte de materia. 
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Los cambios detectados en la morfología de las membranas 
utilizando Microscopía de Barrido Electrónico (SEM) y de Fuerza 
Atómica (AFM) nos permitieron a analizar la habilidad de 
transporte del punto de vista microscópico. Un tamaño de nódulo 
correcto y el de sus agregados, y una distribución orientada sobre 
la superficie de la membrana favorecen el transporte de protones. 

• Las propiedades electroquímicas de las membranas de LS fueron 
caracterizadas. Las membranas de LS alcanzaron conductividades 
de protón aceptables con capacidad de intercambio iónico muy 
baja (IEC).  

“Membrane electrode assemblies” (MEAs) fueron preparadas y 
sus rendimientos de celda fueron medidos en una celda individual 
directa de metanol (DMFC). Las condiciones de preparación de las 
MEA no fueron optimizadas debido a que éste no era un objetivo 
inicial de la tesis y a que el contacto entre electrodos y membranas 
era la parte difícil de la fabricación. Este objetivo queda para 
trabajos posteriores. 
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Abbreviations 

 

 

  AFC  Alkaline fuel cell 

  DMFC  Direct methanol fuel cell 

  DMF     N,N-Dimethylformamide 

  DEHPA Di-(2-ethyl-hexyl) phosphoric acid 

  GDE  Gas diffusion electrode 

  IEC  Ion exchange capacity 

  IPA  Iso-propanol 

  LS  Lignosulfonate 

  MEA  Membrane electrode assembly 

  MCFC  Molten carbonate fuel cell 

  OCV  Open cell voltage 

PSU  Polysulfone 

PEG  Poly(ethylene glycol) 

  PA  Polyamide 

  PAD  Polyamide membrane containing DEHPA 

  PALS  Polyamide membrane containing LS 

  PEM  Proton exchange membrane  

  PEMFC Proton exchange membrane fuel cell 

  PAFC  Phosphoric acid fuel cell 

  PFSA  Perfluorosulfonic acid membrane 

  PEEK  Poly(ether ether ketone) 
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  PS  Polystyrene 

  PBI  Poly(benzimidazole) 

  PEO  Poly(ethylene oxide) 

  PVP  Polyvinyl pyrrolidone 

  PTFE  Polytetrafluoroethylene 

SD  Swelling degree 

  SOFC  Solid oxide fuel cell 

SPSU  Sulfonated polysulfone 

  SPEEK  Sulfonated poly(ether ether ketone) 

  TFC  Thin film composite membrane 
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Chapter 1 
 

Introduction 
 

 

1 Background  
1.1 Main categories of fuel cells 
Fuel cells were invented in 1839 by William Grove. They are a kind of 
electrochemical device that converts chemical energy directly into 
electrical energy. After the petrol crisis and the emission problems 
resulting from it, fuel cells gained an important place in the application of 
alternative energy. They do not need a particular environment to work 
well in and are highly efficient both electrically and physically. Other 
advantages include the fact that they are silent and non-polluting and 
their emissions are ultra low.  

After over 150 years of research, fuel cells can be divided into five major 
categories [1]: alkaline, phosphoric acid, solid oxide, molten carbonate and 
proton exchange membrane.  

Alkaline fuel cells (AFC) were developed by F.T. Bacon in 1930. They use 
alkaline potassium hydroxide as the electrolyte and generate power 
efficiencies of up to 70 percent.  AFC were long used by NASA on space 
missions—on the Apollo spacecraft to provide electricity and drinking 
water, for example. Their operating temperature is 150 ºC to 200 ºC. 
However, they were too costly for commercial applications and several 
companies are now examining ways to reduce costs and improve 
operating flexibility.  



 
 

Chapter 1 

Phosphoric acid fuel cells (PAFC) were manufactured in the 1970s in the 
background of the energy crises. This type of fuel cell is the one that has 
been commercially developed the most and is used in a wider range of 
applications in hospitals, nursing homes, hotels, office buildings, schools, 
utility power plants and airport terminals. These cells generate electricity 
with an efficiency of over 40% and their operating temperatures are 
around 150 ºC. 

Another highly promising fuel cell, the solid oxide fuel cell (SOFC), is 
used for stationary power plants. A solid oxide system usually uses a hard 
ceramic material instead of a liquid electrolyte. This allows operating 
temperatures to reach 1,100 ºC. Power generating efficiencies can reach 
60% and 85% with cogeneration and with a cell output of up to 100 kW. 

Molten carbonate fuel cells (MCFC) use a liquid solution of lithium, 
sodium and/or potassium carbonates soaked in a matrix for an 
electrolyte. They promise high fuel-to-electricity efficiencies normally of 
about 60%, or 85% with cogeneration, and operate at about 650 ºC.  

Proton exchange membrane fuel cells (PEMFC) operate at relatively low 
temperatures (about 80 ºC), have high power density, can vary their 
output quickly to meet shifts in power demand, and are suitable for 
automobile applications. In the 1960s, driven by the need for very 
compact units for producing electricity and water, NASA developed 
PEMFC in their Gemini space program.  They were chosen for the Apollo 
program and launched in the space shuttles, but were found to be inferior 
to the AFC in terms of performance and durability. In the 1980s PEMFCs 
achieved significant progress when membranes with greater stability and 
performance were discovered. PEMFCs use polymer membranes, which 
are able to conduct hydrogen protons, as the electrolyte. . The electrolyte 
is sandwiched between two electrodes, which contain Pt-based catalysts 
that help the oxidation and reduction reactions to take place. According to 
the U.S. Department of Energy, they are “the primary candidates for light-
duty vehicles, for buildings, and potentially for much smaller applications 
such as replacements for rechargeable batteries in video cameras.” 
PEMFCs mainly include hydrogen fuel cells and direct methanol fuel cells 
(DMFC). 

1.2 Introduction of direct methanol fuel cell (DMFC) 

1.2.1 Methanol as the fuel 
In DMFCs, methanol is fed directly as the fuel. Methanol systems have 
several advantages over fuel cell systems based on hydrogen and 
compressed natural gas [2]. The liquid nature of methanol under room 
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temperature and atmospheric pressure simplify the methanol transport 
and application since it can be pumped from existing gasoline 
infrastructures without an external compressor or refrigeration 
equipment. This makes the volume of DMFCs is as small as possible. 

Methanol has the highest hydrogen-to-carbon ratio among alcohols, 
which means that the highest energy could be generated and the least 
carbon dioxide emitted. The miscibility of methanol with water means 
that DMFCs can be fueled with different concentrations of a methanol 
aqueous solution. Other advantages of methanol are that it can be 
obtained through biomass and is more environmentally friendly than 
gasoline since it breaks down quickly in the environment.  

1.2.2 Working principle of DMFCs  
Figure 1 illustrates the working principles of DMFCs.  

 

 

 

CO2

 
CH3OH 

Figure 1.  Working principles of DMFCs [3]. 

 

Methanol is introduced to the anode, where it is split into protons and free 
electrons and gives out carbon dioxide. The hydrogen ions flow through 
the polymer electrolyte membrane to the cathode, where the air or oxygen 
is introduced.  At the cathode, the hydrogen ions are bonded with oxygen 
to form water and the movement of free electrons from anode to cathode 
creates a current that can be used to power an electrical device. 
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CH3OH (l) + H2O (l) -------> 6H+ + 6e- + CO2 (g)          (anodic half reaction) 

6H+ + 6e- + 2
3  O2 (g) -------> 3H2O (l)                       (cathodic half reaction) 

CH3OH (l) + 2
3 O2 (l) -------> CO2 (g) + 2H2O (l)               (overall reaction) 

 

Pt-Ru (Platinum - Ruthenium) catalysts are currently considered to be the 
best anode catalysts and Pt (platinum) catalysts are considered to be the 
best cathode catalysts [4, 5]. These catalysts are often mixed with carbon 
black to increase reaction area and may be sprayed, pressed or "glued" 
onto the membrane. The function of a polymer membrane in a DMFC is to 
separate the anode and cathode feed and create a chemical potential when 
the electrochemical reaction occurs. The ideal membrane should tolerate 
high temperatures, present free resistance of proton transport, be an 
insulator to electrons, totally separate chemical species from the anode 
and cathode, possess good mechanical strength and be inexpensive.  

2 Problem statement and development of DMFCs 
Although DMFC technology is considered to be the most suitable 
alternative power source for certain applications, it still faces several 
challenges.   

2.1 Proton exchange membranes 
Perfluorosulfonic acid membranes (PFSAs) (e.g. Nafion, by Dupont) are 
widely considered as standard because of their high proton conductivity. 
However, PFSA membranes are good proton conductors only when they 
are saturated with water. For example, as we can see in Figure 2, the 
proton is transported through the micropores or ion channels of the 
Nafion together with its solvating water [6-9]. 

This water-dependence of proton conductivity creates a severe problem in 
the DMFC—the so-called “methanol crossover”—because methanol is 
transported through PFSA membranes by means of diffusion and active 
transport with proton and water (electroosmotic drag) [9]. This high 
methanol crossover has reduced cell efficiency in various aspects [10, 11]. 

Firstly, the methanol that crosses over is oxidized in the cathode, thus 
consuming extra energy.  
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Secondly, overall fuel efficiency is reduced because fuel that could have 
been separated into protons and carbon dioxide is wasted.  

Finally, the catalyst on the cathode side is easily poisoned by carbon 
atoms that stick to the catalyst and inactivate it.  

 

 
Figure 2.  Structure of Nafion and water-filled micropores [9]. 

 

Another disadvantage of PFSA membranes is the high level of swelling. 
Nafion, for example, swells in water by about 10%. This limits how 
membrane electrode assembly (MEA) is produced. New attempts to 
directly coat the catalyst on the membrane to provide better contact are 
not producing good results with PFSA membranes because of this 
swelling.  

The high cost of PFSA membranes also help significantly to make the fuel 
cell system as a whole expensive. 

For these reasons, new types of membranes based on different concepts 
are being developed.  

One type of membrane developed with the same proton transport concept 
as PFSA membranes are sulfonated hydrocarbon membranes and blends 
such as sulfonated poly(ether ether ketone) (PEEK), polysulfone (PSU) 
and polystyrene (PS), etc. [12-14]. The aromatic polymer-based 
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membranes are cheaper than PFSAs and their low degree of swelling 
enables them to form thinner films with relatively lower methanol 
crossover. Suitable polymers and a carefully controlled sulfonation degree 
should be thoroughly investigated in order to obtain membranes with 
good proton conductivity and low methanol crossover. At a low 
sulfonation degree, the conductivities of this kind of membrane are lower 
because the acid sites on sulfonated aromatics are less acidic than those of 
PFSAs. At a high sulfonation degree, the membranes present high water 
swelling, which leads to high methanol crossover and poor chemical and 
mechanical stabilities. Some inorganic materials such as SiO2, TiO2 and 
ZrO2 have been blended with sulfonated hydrocarbon. In this case, the 
generated membranes can be applied to DMFCs operating at over 100 ºC 
and the methanol crossover is lower [15-20].  

Another type of membrane was generated by filling the phosphate and 
other acids into a polymeric matrix, which improved proton conductivity 
[21-24]. The main problem with this type of composite membrane could 
be the limited long-term stability since the acids that are introduced may 
be washed out in the fuel cell operation.  

Polymers with proton donors and acceptors are another concept in the 
preparation of proton exchange membranes [25-28]. The membranes are 
usually synthesized by combining a basic polymer with N as a proton 
acceptor and an acidic polymer with sulfonic acids groups as a proton 
donor. The sulfonic acid groups interact with the N-base by forming 
hydrogen bridges and by protonation of the basic N. For example, 
poly(benzimidazole) (PBI) blend membranes use this mechanism to 
transport protons (Figure 3).  

O

S OO
O

H

N

N

H

O

S OO
O-

N

N

H

H
+

 
Figure 3.  Proton transport in sPEEK-PBI acid-base blends by imidazole 
group protonation [28]. 
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As we can see, here proton is mobile in the matrix without the solvating 
water, so the methanol cannot be transported accompanying the proton, 
and methanol crossover is significantly lower. Improvements in proton 
conductivity and long-term stability are being further investigated. 

2.2 Catalysts and cell performances 
Another reason for the high cost of DMFCs is that large amounts of 
expensive platinum and platinum-ruthenium catalysts are used. The 
reaction kinetics (rate) in the oxidation of methanol limits the practicality 
of the fuel cell.  

The mechanism behind methanol oxidation is not yet fully understood. 
General agreement supports the theory that surface-bound CO is the long-
living intermediate responsible for the slow overall reaction kinetics [29, 
30]. Since the anodic reaction rate is far slower than the cathodic one, it is 
assumed to be the rate-determining step under most operating conditions. 

A catalyst must be resistant to the poison from the CO and crossed 
methanol. Raising the operating temperature is one way to increase the 
tolerance of the catalyst to CO. Low catalyst loading is another way to 
reduce fuel cell costs.  

The theoretical open cell voltage (OCV) 0E of a DMFC at STP condition is 
calculated as [31]: 

 

214.1
6

5.7020 ==
Δ−

=
FzF

g
E f V 

where fgΔ  is the change in Gibbs free energy of formation per mole (kJ),  

z is the number of electrons transferred in the reaction, and 

F is the Faraday constant, the charge on one mole of electrons (96,485 
Coulombs). 

Because of the oxidation of crossed methanol, the values of the 
experimental data of OCV are significantly lower than the theoretical 
values. This undesired oxidation of methanol leads to a mixed potential 
formation at the cathode, which leads to a reduced electrode potential and 
causes the overall reduction in cell voltage. 
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The characteristic shape of the voltage-current density graph (U-I) for an 
irreversible DMFC is shown in Figure 4.  Three major irreversibilities are 
presented in the U-I curve [2]. 

1. Activation losses. At the start of the U-I curve (region 1), there is a rapid 
voltage drop. This is caused by the slowness of the reactions taking place 
on the surface of the electrodes.   

2. Ohmic losses. Region 2 represents the drop in ohmic voltage due to the 
resistance of MEA and various interconnections. 

3. Mass transport losses. In region 3, the voltage begins to drop faster at 
higher currents because the reactant concentration is lower and is not 
enough for the reactant to be transported to the electrode surface. 

 

 
Figure 4. U-I characteristics of a DMFC at three operating regions [2]. 
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Presently, the performance levels of DMFCs have achieved in the range of 
180 mA/cm2 to 250 mA/cm2 when cell voltage is at 0.30 V. Further effort 
is needed in order to further improve the power density. 

3 The aims of the thesis 
The main aim of this thesis is to prepare novel proton exchange 
membranes to apply in the DMFC.  Specific objectives related to this aim 
are: 

1. To prepare hybrid and composite membranes with acceptable or 
good proton conductivity (10 – 100 mS/cm) and less methanol 
crossover than Nafion 117. 

2. To characterize membranes in order to explain the proton and 
methanol transport abilities and mechanisms from membrane 
morphologies and to define the optimal conditions for preparing 
membranes.  

3. To fabricate membrane electrode assemblies based on novel 
membranes and obtain the preliminary results of cell performance. 

4 The outline of the thesis 

Chapter 2 describes the two kinds of membrane preparation methods—
phase inversion by immersion and coating. The characterization methods 
are also documented in detail. 

Chapter 3 presents two kinds of composite membranes—the 
poly(ethylene glycol) (PEG) composite membranes and the polyamide 
(PA) composite membranes. Membrane preparation and characterization 
are discussed. 

Chapter 4 presents the lignosulfonate (LS) hybrid membranes. The novel 
porous proton exchange membranes are developed with potential 
application in DMFCs. Some of these results are published in the Journal 
of Power Sources (see Appendix C) and a new publication is in 
preparation. 

Chapter 5 describes work on the electrochemical and electrical 
characterization of LS membranes. It is a continuation of chapter 4 for a 
further LS membrane test in a real fuel cell. 
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Appendix A is an article published in the Journal of Power Sources in 
collaboration with Luizildo Pitol Filho of the URV. It presents the 
experimental results on PEG composite membranes from chapter 3 and 
makes a computational study of mass transport. 

Appendix B is an article published in the Journal of Colloid and Interface 
Science in collaboration with Dr. Juana Benavente of Malaga University. It 
presents the preparation and ion conductivity of PEG and PA composite 
membranes based on the results from chapter 3.  

Appendix C is an article published in the Journal of Power Sources. It 
presents some of the results from chapter 4. 

Appendix D is a paper accepted by the Journal of Membrane Science. It 
presents some of the results from chapter 5 and was written in 
collaboration with Dr. Andreas Glüsen of Forschungszentrum Jülich, 
Germany. 
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Chapter 2 
 

Methodology of membrane preparation 
and characterization 

 

 

1 Introduction 
There are many techniques for preparing polymeric membranes, 
including stretching, track-etching, phase inversion and coating [1]. In this 
thesis, we have prepared several types of composite membranes and 
hybrid membranes using coating and phase inversion.  

Coating is used to prepare composite membranes. The thin dense layer is 
coated or deposited onto a porous support [2-4]. This layer is usually 
called the selective layer or skin layer. 

Phase inversion starts from a homogeneous polymer solution or a mixture, 
then phase separation or liquid-liquid demixing takes place according to 
the thermodynamic principle. Finally, the polymer-rich phase solidifies 
and forms the membrane. Hybrid membranes are membranes prepared 
by mixing different polymers. This method combines the hydrophobic 
polymer and the hydrophilic polymer and, by changing the proportion of 
polymer, membranes with desired properties are finally formed [5-12]. 

The main techniques of membrane preparation used in the thesis are the 
solvent-nonsolvent phase inversion method and the coating method. In 
this chapter we only discuss solvent-nonsolvent phase inversion. The 
coating method is discussed in Chapter 3.  

 



 
 

Chapter 2 

Characterization, to evaluate and improve the membranes obtained, is an 
important part of this thesis. We have used several methods to 
characterize the membrane surface and cross-section morphologies and 
evaluate the physical and chemical properties of the membranes. 

2 Membrane preparation via solvent-nonsolvent 
phase inversion 

A casting solution is prepared by dissolving the polymer in a solvent, then 
using a coating machine (Figure 1) to spread the casting solution onto a 
glass surface with a controlled thickness. The glass with a wet film on top 
is then immersed in a nonsolvent bath. The solvent diffuses into the 
precipitation bath, where the nonsolvent diffuses into the cast film. After a 
time in which the solvent and the nonsolvent are exchanged, the polymer 
solution (wet film) becomes thermodynamically unstable and demixing 
takes place. Finally, a solid polymer membrane forms with an asymmetric 
structure and peels off from the glass. This membrane has two surfaces, 
termed the film/glass surface and the film/bath surface. In general, pores 
close to the film/bath surface are larger than those close to the film/glass 

rane. surface for an asymmetric memb

Several factors can affect the membrane 
structure, including the concentration of 
the polymer solution, the compositions 
of the solvent and the nonsolvent, and 
the temperatures of the casting solution 
and precipitation bath. Under different 
conditions, the structures of the 
membranes can change from a very open 
porous structure to a closed porous 
structure with a dense nonporous top 
layer.  This is mainly because of the 
demixing process, which includes 
instantaneous demixing and delayed 
demixing. When the solvent and 
nonsolvent have a high affinity, the 
demixing process is instantaneous. When 
they have a low affinity, the demixing 
process is delayed. Instantaneous 
demixing generates membranes with 

more pores, while delayed demixing generates denser membranes [1, 13]. 
For example, a solution of polysulfone (PSU) in dimethylformamide 
(DMF) when cast and immersed in a water bath shows instantaneous 

Figure 1. The coating 
machine. 
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demixing and produces a porous layer close to the film/bath surface. 
When it is cast and immersed in an iso-propanol solution, the membrane 
shows delayed demixing and a dense nonporous layer close to the 
film/bath surface is produced.  

In an asymmetric membrane, macrovoids are often observed. Macrovoids 
are very large elongated pores that can extend over the entire thickness of 
the membrane. Macrovoids are usually associated with instantaneous 
precipitation. Most techniques that can be used to delay demixing usually 
lead to the suppression of macrovoids. Increasing the viscosity of the 
polymer solution decreases the tendency for macrovoid formation [1, 13].  

3 Membrane characterization 
3.1 Attenuated Total Reflectance Infrared (ATR-IR) 

Spectrometry 
ATR-IR spectrometry can provide valuable information about the 
chemical structure of membranes.  Infrared spectra are obtained by 
pressing small pieces of membrane against an internal reflection element 
(IRE). ATR-IR is illustrated in Figure 2. IR radiation is focused on the end 
of the IRE.  Light enters the IRE and reflects down the length of the 
crystal.  At each internal reflection, the IR radiation actually penetrates a 
short distance (about 1 μm) from the surface of the IRE into the polymer 
membrane.  

 

 
Figure 2.  The working principle of ATR-IR [14]. 
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This technique is useful for characterizing the composite membranes 
because it is impossible to make a homogeneous tablet with membranes 
and the composite membranes are not transparent enough to allow the 
light to pass through using the normal IR technique. Using the ATR-IR 
technique (Bruker-Tensor 27), we placed the different faces of a 
membrane in contact with IRE and then obtained information about its 
compositions. 

 

3.2 UV-visible Spectrometry 
A UV-visible spectrometer (HP8542A) was used to determine the stability 
of composite and hybrid membranes. After the membranes are soaked in 
water for a certain time, the water is detected by a UV-visible 
spectrometer to examine whether LS (Figure 3) has been washed out from 
the membranes. 

At the same time, LS powder was dissolved in deionized water at a 
concentration of 0.005 M and the solution determined by UV-visible 
spectrometer, the spectra showed that the band at 280 nm corresponded 
to the aromatic ring absorption of LS [15].  

 

 

 
Figure 3.   LS molecular structure. 

 

For all membranes tested, no LS was leached from the membrane. This 
proved that LS was bonded chemically with the host polymers—PSU. 
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3.3 Scanning Electron Microscopy (SEM) and Energy 
Dispersive Spectrometry (EDS) 

SEM (JEOL JSM-6400) uses an electromagnetic lens that focuses the beam 
of electrons onto the test sample (Figure 4). A probe of electrons is finely 
focused over the imaged area and an induced signal is simultaneously 
monitored. Turning the magnification knob located on the keyboard 
varies the current through the objective lens, which then changes the 
magnification of the sample. Our test conditions were: an acceleration 
voltage of 15-20KV and distance from lens to sample of 8–15 cm. 

 

 
Figure 4. SEM [16]. 

 

SEM requires special sample preparation. To scan the membrane surfaces, 
the carbon tab was first stuck on top of the steel stub and the membrane 
was then cut into a small piece (about 1cm×1cm) and stuck on top of the 
carbon tab. To scan the membrane cross section, the membrane was first 
dipped into a pure ethanol solution and then rapidly broken in liquid 
nitrogen. This allowed the frozen membrane to break without changing 
its structure.  The cut membrane was then fixed straight up on top of the 
steel stub by an adhesive.  

Gold or carbon was then spurted on top of the membrane’s scanning area. 
A sputter machine was used to spurt gold or carbon under vacuum. The 
gold or carbon atoms were deposited onto the sample to form an ultra- 
thin conductive layer that would not change the morphology of the 
membrane.   
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The microscope was equipped with an energy dispersive X-ray detector 
i.e. EDS, which was used to obtain information about the elemental 
compositions of the membrane surface.  

Figure 5 shows a cross-section SEM image of an asymmetric membrane. 
The membrane presents a gradually enlarged porous structure. The 
membrane has two regions, called the top layer and the sublayer. The top 
layer is located near the film/bath surface and the sublayer is located near 
the film/glass surface. The top layer is also called the skin layer or the 
selective layer.  There are two types of top layer: an integrated top layer 
and a composite top layer. 

 

 

Top layer 

Sublayer 

Film/bath surface 

Film/glass surface 

Macrovoid 

 
Figure 5.  Membrane cross-section structure by SEM. 

 

3.4  Atomic Force Microscopy (AFM) 
AFM is a new characterization technique applied in the microscopic 
characterization of non-conducting material surfaces [17-19]. The aim of 
AFM is to detect interactions between the tip and the substrate. With this 

- 20 - 



 
 

Methodology of membrane preparation and characterization 

technique, the tip is placed on a cantilever whose deflection can be 
detected by the reflection of a suitably focused laser beam (see figure 6). In 
the tapping mode AFM, the cantilever is oscillated at a certain resonant 
frequency with a high amplitude to allow the tip to touch the sample 
during the oscillation. This method maintains high resolutions and 
eliminates lateral friction forces. 

 

 

Laser Beam 

Cantilever 

Sample 

Signal Receptor 

 
Figure 6.  The working principle of AFM [20]. 

 

In our case, we used tapping mode (TM AFM) (Pico Scan, Molecular 
Imaging) to characterize membrane surfaces. The membrane sample was 
attached to a stainless steel stub. The n-type silicon TM AFM tip was 
mounted on a cantilever with a constant force of 42 N/m. The resonance 
frequency was adjusted to between 270 and 290 kHz. 

 

The topology and phase images were obtained using SPIP software in the 
flattening treatment. Depending on the topology, the software 
synthesized the three-dimensional image as shown in Figure 7.  
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200nm
   

200nm
 

       a      b 

 

 
c 

Figure 7.  Membrane surface morphology through AFM (a: topology;        
b: phase image;   c: 3-D image). 

 

The membrane surfaces were compared using roughness Rq (nm) -- mean 
square (rms) of the surface height (Z, nm) [17-19]. Rq is the standard 
deviation of the Z values within the given area, and is calculated as 
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where, Zavg is the average of the Z values, Zi, is the current Z value, and N 
is the number of events or the number of examined points. 

Using the above equation, SPIP analyzed the Z data of image 7.a at each 
surface point and the Z distribution was plotted as Figure 8. The Rq was 
then calculated to be 26.08 nm. 
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Figure 8.  Normal distribution of Z data of a given membrane area by 
SPIP software. 

However, if the topology has several defects (Figure 9), the Z data 
analysis does not show a normal distribution (Figure 10). In this case, we 
did not take into count the roughness calculated from it. For each 
membrane, we analyzed 3 or 4 surface areas and the roughness was 
shown as an average value. The error was within 28%. We should point 
out that roughness depends on the curvature and size of the TM AFM tip 
and on the treatment of the captured surface data (raw, flattening, 

- 23 - 



 
 

Chapter 2 

filtering), and should not be considered as absolute roughness values [17, 
18]. 
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Figure 9.  Membrane topology with defects. 
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Figure 10.  Z data analysis for a defective membrane surface. 
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3.5 Contact angle measurement (CA) 
The sessile drop [21] was used to measure the contact angle of membrane. 
It describes the shape of a liquid droplet resting on a solid surface. When 
drawing a tangent from the droplet to the solid surface, the contact angle 
is the angle formed between the tangent and the solid surface (Figure 11). 
The larger the angle, the more hydrophobic the membrane surface. 

 

                                    
Figure 11.  Contact angle measurement. 

 

Membrane samples were cut to 5cm×5cm, then washed with deionized 
water and dried at 30ºC in a vacuum oven. The sample was attached to a 
smooth glass surface and placed on a black support. After a droplet of 
liquid (10 µL) was placed automatically onto the sample surface, a video 
camera revealed the profile of the droplet on the computer screen. 
Reported values were the average contact angle (right and left) of a series 
of images of the droplet. Contact angles do not provide absolute values 
but allow a comparison of each material. For each membrane, we 
measured up to five regions to obtain the average contact angle and the 
error was within 12%. 

3.6 Proton and methanol transport experiments 
Transport experiments were carried out using a test cell (Figure 12), which 
included two compartments separated by the tested membrane. The 
solutions in the two compartments were called feed and stripping. The 
volumes of the feed and stripping were 200 ml and the effective 
membrane area was 8.51 cm2. 
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Membrane

    Feed Stripping    

Sample out Sample out

Magnetic stirrer
 

Figure 12.  Transport cell. 

 

For methanol crossover experiments, the feed was the aqueous methanol 
solution (1.0 M) and the stripping was deionized water. Both 
compartments were continuously stirred by magnetic stir bars during 
permeability measurements. The methanol concentration in the stripping 
( , mol lsC -1) was determined over time by HPLC (Agilent 1100) using a 
XDB-C8 column. 

In the case of the proton transport, the initial feed was 1.0 M HCl aqueous 
solution and the stripping was 1.0 M NaCl aqueous solution. The pH of 
the stripping was measured every 1-2 seconds by the Crison Compact 
Titrator.  

 

Eq. (1) describes the permeability coefficient of proton or methanol 
( p ,cm3 cm-2s-1) [1]: 

 

t
V
Ap

C
C

f

f =−
0

ln                                              (2) 

where  (mol l0C -1) is the initial concentration of the feed solution,  
(mol l

fC
-1) is the feed concentration calculated from the concentration of the 

stripping solution at time t (s):  

sf CCC −= 0                                                                       (3) 
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fV  is the feed volume (ml) and A is the actual membrane area (cm2). 

From Eq. (2) we observed the linear relationship between ( )0ln CC f−  
and time. The slope of the corresponding plot determines the value of p . 

Under steady state condition, proton and methanol fluxes (mol cm-2s-1) 
were calculated by Fick’s First Law: 

 

l
CPJ Δ

=                                                                                  (4) 

Where, (cm) is the membrane thickness, l CΔ is the difference in 
concentration between the initial feed and the final stripping. In our 
experimental conditions,  was much greater than the final stripping 

concentration, so we considered 
0C

0CC ≈Δ . 

P is the permeability (cm2 s-1), which is defined as: 

 

plP =                                                                                      (5) 

The flux is then related to the permeability coefficient as:  

0pCJ =                                                                                   (6) 

 

Selectivity α of proton over methanol is a comprehensive evaluation of a 
membrane and is calculated by Eq. (7): 

  
Methanol

H

J
J +

=α                                                                          (7) 

 

Here we calculate the proton and methanol permeabilities of Nafion 117 
in accordance with the above equations. In the following chapters, we 
used the proton and methanol permeabilities of Nafion 117 as the 
comparing standard.  

To calculate the proton permeability of Nafion 117, we first drew the plot 
of ( )0ln CC f−  versus time (Figure 13). From the slope we observed two 
different regions. The first region probably corresponded to the proton 
absorption and diffusion. Once the membrane was saturated by H+, the 
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mechanism became hopping dominated, which corresponded to the 
second region of Figure 13. We used this second region to calculate the 
proton permeability of Nafion 117.  

 

 

0

0,005

0,01

0,015

0,02

0,025

0 200 400 600 800 1000 1200
Time [s]

-L
n(

C f
/C

0)

Region 1 

Region 2 

 

Figure 13.  The plot of ( )0ln CC f−  versus time for calculating the proton 
permeability coefficient of Nafion 117. 
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To calculate the methanol permeability through Nafion 117, we used 
HPLC to determine the methanol concentration in the stripping, which 
initially was zero.  First we plotted the calibration curve of methanol 
concentration determined by HPLC (see Figure 14). 
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Figure 14.  Calibration curve of methanol concentration.  

We then drew the plot (Figure 15) according to equation (2) to calculate 
permeability. 
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Figure 15. The plot of ( )0ln CC f−  versus time for calculating the 
methanol permeability coefficient of Nafion 117. 
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The value was in perfect agreement with the result available 
( cm6106.2 −× 2 s-1) in the literature [22].   

Therefore, the selectivity of proton to methanol for Nafion 117 was 
calculated by equation (6) to be:   55.4=α  

3.7 Impedance Spectrometry (IS) 
Using IS, we tested the ion conductivity and proton conductivity of 
membranes. Here we discuss only the measurement of ion conductivity. 
Proton conductivity measurements are discussed in Chapter 5. 

We measured the ion conductivities of hydrated membranes using 
impedance spectrometry (Solartron 1260) [23]. The cell has two 
compartments, each with a volume of 10 cm3. The electrode used was 
Ag/AgCl. The membrane was tightly clamped between two half cells by 
silicone rubber rings. To minimize concentration-polarization at the 
membrane surfaces, a magnetic stirrer was placed at the bottom of each 
half cell. This enabled its speed rate to be controlled externally. IS data, as 
well as the influence of connecting cables and other parasitic capacitances, 
were corrected by software. We used several frequencies in the 10–106 Hz 
range and a maximum voltage of 0.01 V. Measurements were carried out 
at a stirring rate of 525 rpm at six different NaCl solutions (10-3 M to 5 × 
10-2 M), at room temperature T = (25.0 ± 0.3) ºC and standard pH (5.8 ± 
0.3). The solutions on both sides of the membrane had the same 
concentration. Before the measurement, the membranes were soaked for 
at least 10 h in the NaCl solution at the test concentration.  
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Chapter 3 
 

Composite Proton Exchange Membranes  
 

 

1 Introduction 

Thin film composite (TFC) membrane is characterized by an ultra-thin 
separating “barrier” layer, also called the skin layer, supported on a 
chemically different asymmetric porous substrate. The advantage of 
composite membranes over single-material asymmetric membranes is 
that, as the film is formed in situ, the chemistry and performance of the 
top barrier layer and the bottom porous substrate can be independently 
studied and modified to optimize the overall membrane performance. 
Many TFC membranes have been successfully developed from several 
polymers [1-3] and have been successfully applied in the chemical 
separation fields [4, 5].  

In this chapter, we discuss two kinds of TFC membranes as options for 
direct methanol fuel cells (DMFCs). These were achieved by coating a thin 
polymer film, also called the “skin layer”, onto an asymmetric polymeric 
membrane surface to produce a barrier for methanol and assist proton 
transport.  

Porous polysulfone (PSU) membrane was chosen as the support layer 
because PSU is a chemically stable polymer and PSU membrane has been 
very well characterized. By adjusting the morphology of the PSU 
membrane, e.g. porosity, pore size and hydrophilicity, we can optimize 
the support layer. In this work, we examined the thermal sulfonation 
treatment of the PSU layer to improve its hydrophilicity. 



 
 

Chapter 3 

For the skin layer, we chose poly(ethylene glycol) (PEG) because of its 
cross-linking property due to the hydroxyl groups at the end of the chain 
(Figure 1). This kind of polymer is widely used in many fields [6-10]. 
Because of its flexible and hydrophilic chain, it may swell and form a 
“hydrogel” [11, 12] with -O- segments with an affinity for proton. At the 
same time, after the cross-linking, PEG is expected to form a dense skin 
layer, which will help to reduce the methanol crossover. Moreover, PEG is 
reasonably inexpensive and is compatible with many organic materials.  

 

CH2CH2OO Hn
 CH2CH2OH n

 

 
Figure 1. PEG molecular structure. 

 

Polyamide (PA) is also widely used as a skin layer in the separation field. 
The PA skin layer can be formed by interfacial polymerization with 
monomers containing amino groups and acid chloride groups [13, 14]. In 
the chemical separation field, to select ions to transport through the 
polyamide layer, some organic compounds—the so called “carriers”—are 
trapped inside the skin layer [15, 16].  In our case, the proton is the ion 
that needs to be transported. Therefore, compounds with functional 
groups that have a strong affiliation with protons can be used as carriers. 
Di-(2-ethyl-hexyl) phosphoric acid (DEHPA) and lignosulfonate (LS) 
(Figure 2 and Figure 3) are incorporated into the polyamide network to 
serve as “proton carriers”.  

 

P
C8H17O OH

C8H17O O

 
Figure 2.  DEHPA molecular structure. 

 

The molecular structure of DEHPA illustrates its proton transport 
potential. The fact that DEHPA is relative small may facilitate its mobility 
within the polyamide network and enable it to carry and release the 
proton.  
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Figure 3.   LS molecular structure. 

 

Lignosulfonate, a highly anionic polymer and a byproduct of the sulfite 
method for manufacturing paper from wood pulp, is sometimes called 
sulfonated lignin. It is a complex mixture of small-to-moderate polymeric 
compounds made of the repetition of phenyl-propane units with –SO3H, -
COOH and -OH groups attached to the molecule [17]. Like other acidic 
compounds, LS could behave as good proton exchangers.  

Currently, a huge amount of LS is produced all over the world. This 
polymer has applications as an additive [18] and as a surfactant [19, 20]. It 
has also been reported as a component in polymer blends, where it has 
proved to be bioactive and biocompatible [21]. It has also been applied in 
blends with thermoplastics [22]. Although LS research is receiving greater 
attention, most LS is incinerated as waste and is still a significant 
environmental burden. New research into LS applications could therefore 
be very significant from both the economical and the environmental 
points of view. 

 

2 Experimental  
2.1 Preparation of asymmetric PSU support layers 
PSU casting solutions were prepared by dissolving different quantities of 
PSU (Mw. 35,000) purchased from Aldrich in N,N-dimethylformamide 
(DMF) with vigorous agitation for 12 h at room temperature. The 
solutions were cast onto a glass plate using a 200 μm-thick casting knife 
and then precipitated in different nonsolvent baths. PSU membranes were 
then taken from the bath and rinsed with distilled water. Several PSU 
membranes were formed. These are listed in Table 1. 

- 35 - 



 
 

Chapter 3 

 

 

Table 1. PSU porous membranes 

Membranes 

PSU 
concentration in 

the casting 
solution [wt.%] 

Precipitation 
solution bath 

PSU10 10 Water 

PSU11 11 Water 

PSU12 12 Water 

PSU13 13 Water 

PSU14 14 Water 

PSU15 15 Water 

PSU20 20 Water 

PSU15D 15 15%DMF/85%H2O 

 

 

2.2  Thermal sulfonation process   
The PSU membranes obtained were kept in 0.25 M H2SO4 aqueous 
solution at 80 °C for 3, 24 and 72 h, respectively. Excess acid on the 
surface was removed by a short water rinse. The membranes were then 
put into an oven at 80 °C for 1 h, soaked in distilled water and rinsed 
daily until the rinsed water reached neutral pH.  

2.3 Synthesis of PEG skin layers  
Wax-like PEG (MW. 1000, from Aldrich) was dissolved in methanol in 
several concentrations. The solution (100 μl) was deposited consistently 
onto the top surface of a wet PSU15 membrane (8.51 cm2). The PEG-
covered PSU15 membranes were put into an oven to crosslink at 80 °C for 
1 h, and then stored in water before use. Theoretical PEG loadings were 
calculated. The composite PEG membranes obtained are listed in Table 2. 
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Table 2.  PEG composite membranes with different PEG loadings 

PEG composite 
membranes 

PEG
5 

PEG
10 

PEG
20 

PEG
30 

PEG
40 

PEG
50 

PEG
60 

PEG
70 

PEG loading 
[mg/cm2] 0.46 0.93 1.86 2.79 3.72 4.65 5.58 6.51 

 

2.4 Synthesis of Polyamide skin layers containing DEHPA 
and LS as proton carriers  

The support PSU15D membranes were soaked into aqueous solutions of 
3.00 wt.% 1,3-phenylenediamine for 10 min. Different amounts of DEHPA 
were added into hexane solutions containing 0.15 wt.% 1,3,5-
triclorotricarbonyl benzene (acid chloride). DEHPA-acid chloride solution 
was then dropped onto the membrane surface, where interfacial 
polymerization took place. Finally, the excess solution was washed off by 
water rinse and put into an oven at 60 °C for 30 min to cure. The 
composite membrane obtained was soaked in water for use. The 
composite polyamide-DEHPA membranes (PAD) are listed in Table 3. 

 

Table 3. PAD composite membranes obtained 

PAD composite 
membranes PAD1 PAD2 PAD3 PAD4 PAD5 PAD6 

DEHPA 
concentration in 
hexane solution  

[mM] 

250 400 550 700 850 1000 

 

 

Skin layers of polyamide containing LS at different concentrations were 
obtained by interfacial polymerization. PSU15D membrane was immersed 
in 3.00 wt.% 1,3-phenylenediamine solution, which contained water-
soluble LS (Mw. 7000, acid groups 8.4 wt%). The solution of 0.15 wt% acid 
chloride in hexane was then continuously dropped onto the membrane 
surface, where the interfacial polymerization took place immediately. The 
formed polyamide composite membrane was cured at 60 °C for 30 min 
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and then rinsed with water. All polyamide-LS membranes (PALS) were 
stored in distilled water before use. 

The composite PALS membranes are listed in Table 4. 

 

Table 4. PALS composite membranes obtained 

PALS composite 
membranes 

PALS
5 

PALS
10 

PALS
20 

PALS
30 

PALS
40 

PALS
50 

LS content in 1,3-
phenylenediamine 

solution [wt.%] 
5 10 20 30 40 50 

 

 

2.5 Characterization of composite membranes 
Attenuated Total Reflectance Infrared Spectrometry (ATR-IR) was used to 
detect the formation of the skin layer on top of the PSU support with the 
proton carrier. The morphology of the PSU support membrane and the 
skin layer was obtained by Scanning Electron Microscopy (SEM). 
Transport experiments determined proton and methanol permeability. 
Impedance Spectrometry (IS) determined the ion conductivity of 
composite membranes. All the characterization methods have been 
described in detail in Chapter 2.    

3 Results and Discussion 
3.1 Optimization of PSU support membranes 

3.1.1 PSU support membrane morphologies  
All the PSU support membranes we obtained were examined by SEM. 
From Figure 4 to Figure 11 we can see that casting solutions with high 
PSU concentrations generated thicker membranes and their membrane 
morphologies changed from open channels (Figure 4 to Figure 8) to nano 
or micro closed pores with some macrovoids (Figure 9 and Figure 10).  
The cross section images showed that the top layer became denser as the 
PSU concentration increased. All these changes in morphology were 
associated with solvent-nonsolvent demixing process [23].  

 

- 38 - 



 
 

Composite proton exchange membranes 

 

 

 

 
     Figure 4. PSU10 cross-section.                Figure 5.  PSU11 cross-section. 

 

 

 
      Figure 6.  PSU12 cross-section.            Figure 7.  PSU13 cross-section.  
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Figure 8.  PSU14 cross-section.                 Figure 9.  PSU20 cross-section. 

 

 

  
      Figure 10.  PSU15 cross-section.         Figure 11.  PSU15D cross-section. 

 

The two surfaces of the membranes were different. The film/glass surface 
was more porous (several micrometer in diameter) than the film/bath 
surface. Here we present the surface images of PSU10 and PSU15 as 
examples (Figure 12 and Figure 13). At a low PSU concentration, the 
integrated skin layer formed with defects. At a high PSU concentration, 
the integrated skin layer was much denser and had fewer defects.  
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  a     b 

Figure 12. Surface images of PSU10 (a) film/bath surface (b) film/glass 
surface. 

  
  a     b 

Figure 13. Surface images of PSU15 (a) film/bath surface (b) film/glass 
surface. 

To be a good support, a membrane should exhibit good mechanical 
properties and low mass transport resistance but should suppress 
methanol transport. An asymmetric structure with closed pores will have 
a lower mass transport resistance than the dense structure and will be a 
better methanol barrier than the channel structure.  Based on this concept, 
we chose membranes PSU15, PSU15D and PSU20 and evaluated their 
mass transport ability.  
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3.1.2 Proton and methanol transport abilities of the chosen 
membranes 

Through transport experiments, proton and methanol permeabilities were 
determined. The results are plotted in Figure 14. 
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Figure 14. Mass transport ability of membranes PSU15, PSU20 and 
PSU15D. 

We observed that the mass transport abilities of PSU15 and PSU15D were 
very close, while PSU20 showed much lower proton and methanol 
permeabilities than the other membranes. This was due to the membrane 
structures—a higher PSU concentration resulted in a denser membrane, so 
mass resistance was higher. We therefore concluded that PSU15 and 
PSU15D were suitable for the support layer. 

 

3.1.3 Thermal sulfonation treatment of PSU support 
membrane 

PSU15 was treated with thermal sulfonation. Proton permeability 
measurements were carried out for PSU15 and for the treated PSU15. 
After 3 h of treatment, proton permeability improved significantly from 

cm121033.1 −× 2/s to cm111066.6 −× 2/s. A longer sulfonation time did not 
improve proton permeability. We then assumed that some sulfonic acid 
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groups may have been introduced to the PSU chain (Figure 15) and this 
could be close to the optimum in our testing conditions. The final 
sulfonation degree was not determined. 

 

C
CH3

CH3

O S
O

O
O n

 

SO3H  
Figure 15. Molecular structure of sulfonated PSU. 

 

3.2 ATR-IR characterization of PEG and PA composite 
membranes 

Several PA structures may form during interfacial polymerization. 
Their molecular structures are illustrated in Figure 16 [24].  
 

 
Figure 16. Several PA structures due to interfacial polymerization [24]. 
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The IR spectra of PSU and PA are shown in Figure 17. If we compare the 
absorbance of PA with that of PSU, we find that both spectra show 
absorbance bands at 1583 cm-1 and 1477 cm-1. These are characteristic of 
PSU, since the wavelengths penetrated the PSU support layer as well as 
the PA skin layer. The IR spectrum of PALS presents new absorbance 
bands at 1645 cm-1, which is characteristic of the C=O band that may 
belong to the amide groups or to the carbonyl groups of LS. Other 
characteristic bands of polyamide are also observed at 1537 cm-1 (C–N 
stretch of the amide group) and 1602 cm-1 (polyamide aromatic ring 
breathing) [24]. There is no absorbance of the carboxylic acid groups in the 
spectrum, so we believe the PA formed was of structure (a). 
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Figure 17. IR spectrum I of PALS10 and PSU membranes. 

 

Figure 18 clearly demonstrates that new absorbance appeared with the 
PALS membrane at 3405 cm-1, which corresponds to the –OH groups of 
LS. 

 We therefore conclude that the PA skin layer was formed on top of the 
PSU support and that LS, as a proton carrier, was incorporated into the 
PA network. 
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Figure 18. IR spectrum II of PALS10 and PSU membranes. 

ATR-IR has also been used to determine PEG composite membranes 
(Figure 19). However, PSU absorbance was so strong that it covered the 
PEG absorbance at 1109 cm-1, which is characteristic of C-O-C absorbance. 
At 3405 cm-1, no significant absorbance of –OH groups was observed, 
which implies that PEG chains crosslinked through their end groups        
(-OH). 
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Figure 19.  IR spectrum of PEG20 composite membrane. 
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3.3 SEM characterization of PEG and PA composite 
membranes  

Using SEM, we obtained the cross-section images of PEG composite 
membranes (Figure 20). The image has two parts. The asymmetric porous 
structure shows the morphology of PSU15, and the dense continuous 
phase on top of the PSU corresponds to the PEG skin layer. The PEG skin 
layer did not change the underlying PSU15 morphology. 

   
Figure 20. Cross section SEM image of PEG20 and PEG30. 

The surface morphology of PSU15D and PALS membranes were also 
examined by SEM. Figure 21 shows the smooth morphology of the 
PSUD15 membrane surface. Figure 22 shows the denser and rough 
morphology of the PALS membrane surface.  The rough PA surface may 
help to incorporate more active functional groups [25].   

  
       Figure 21. PSU15D surface.                  Figure 22.  PALS30 surface.  
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3. 4 Membrane swelling characteristics  
Membranes should have suitable swelling characteristics in order to 
reduce diffusive resistance through the dense layer [26]. They should also 
have a low degree of swelling in order to avoid unwanted methanol 
permeation, since methanol migrates through the membrane by 
combining with its solvating water [27]. Swelling is therefore an 
important parameter for evaluating membrane transport ability. 

The degrees of swelling (SD) of the PEG skin layer and the PSU15 support 
layer were calculated separately because these layers had totally different 
swelling characteristics. At 20 ºC, the SD of PSU15 was 1.03 wt.% and was 
obtained from  

 

%100
15

1515
15 ×

−
=

dryPSU

dryPSUwetPSU
PSU W

WW
SD                               (1) 

 

Since some PEG composite membranes became brittle after they were put 
into an oven at over 80 ºC, we immersed the PEG membrane immediately 
after taking them out of the oven and then weighed the wet PEG 
composite membrane. The theoretical SD for the PEG layer was calculated 
as: 

 

%10015 ×
−

=
PEG

wetPSUtePEGcomposi
PEG W

WW
SD                            (2) 

 

where, (g) is the weight of the wet PEG composite membrane, 

(g) is the weight of the wet PSU15 membrane and (g) is the 
theoretical weight of the PEG layer. 

tePEGcomposiW

15wetPSUW PEGW

Figure 23 shows the degree of swelling of the PEG layer at different PEG 
loadings. This increased as the PEG loading increased until the maximum 
SD obtained for PEG50 membrane. The PSU15 support layer hardly 
swelled, so the SD changes of the PEG composite membranes mainly 
depended on the PEG loading. Since the thicker PEG layer took more 
water into its network, the SD of PEG composite membrane increased. 
When the PEG loading was even higher, the SD decreased slightly. The 
best explanation for this is that, during soaking, some slices of the PEG 
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layer peeled off from the PSU support. This resulted from the different 
swelling characteristics of PSU and PEG. The PSU porous membrane took 
little water into its pores without changing its dimensions, while PEG 
took water into its network and changed dimensions, so part of the PEG 
layer detached from the PSU surface when the PEG loading was over the 
4.65 mg/cm2 limit. 
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Figure 23.  Degree of swelling of the PEG layer. 

We also calculated the degree of swelling of the PALS membranes. These 
are shown in Table 5. 

Table 5. The influence of LS content on the degree of swelling (SD) of 
PALS membranes 

PALS 
membranes PALS10 PALS25 PALS30 PALS50 

SD (%) 4.43 4.76 4.84 6.08 

 

It seems that as the LS content in the polyamide skin layer increased, the 
SD of the PALS membranes increased only slightly because of the 
relatively dense and rigid polyamide main chain.   
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3.5 Transport abilities through PEG and PA composite 
membranes 

3.5.1 Proton and methanol permeabilities through PEG 
membranes 
Figure 24 shows the proton and methanol permeabilities for PEG 
membranes. The PEG loading had the same influence on permeability of 
proton and methanol. High PEG loadings resulted in high permeabilities, 
which is consistent with the measurements of the degree of swelling. PEG 
swelled in water and produced a loose structure [28] that helped proton 
and methanol to permeate together with solvating water [29]. A study of 
the similar poly(ethylene oxide) (PEO) system [30] indicated that when 
the PEO system contained more water, the proton conducting was more 
likely to be dominated by the hopping mechanism. In the system that 
contained 35% water, both the hopping and the diffusion mechanisms 
were important. When the water content was less than 20%, the system 
was non-conducting. If we take into account the PEG composite 
membranes in our study, the results of the swelling and mass transport 
experiments suggest that the PEG composite membranes were water-
dependent conductive. Also, high PEG loading membranes demonstrated 
that transport was dominated by the hopping mechanism.   
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Figure 24. The effect of PEG loading on proton and methanol 
permeabilities. 
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A parallel computational study showed how the PSU porous membrane, 
the PEG skin layer and their interface contribute to mass transport 
resistance for proton and methanol [31]. Results suggested that the PEG 
loading at 4.65 mg/cm2 provided the lowest resistance for proton 
transport through the skin layer. Choosing a suitable porous support 
could reduce mass transfer resistance and increase the selectivity of 
proton to methanol. 

3.5.2 Proton and methanol permeabilities through PA 
membranes 
Transport experiments determined the proton and methanol 
permeabilities through PA composite membranes with and without 
proton carriers. Without a proton carrier, the PA membrane showed very 
low proton permeability ( cm121072.3 −× 2/s). However, when the carriers 
were incorporated into the PA network, the proton permeability increased 
dramatically. Figure 25 shows the influence of LS on proton and methanol 
transport. PALS membranes exhibited increasing proton permeability 
until the LS content was around 30 wt.%.  
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Figure 25. Effect of LS content on proton and methanol permeabilities. 

 

Unlike proton permeability, methanol permeability increased slightly as 
the LS content increased. This was due to the low degree of swelling of 
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the PA dense layer and was in agreement with the results for degree of 
swelling. This indicates that methanol permeability was closely related to 
water content in the membrane and that methanol could only be 
transferred between sulfonic acid groups together with its solvating water. 
Proton permeability behaved quite differently, which implies a different 
transport mechanism. We suggest, as was found in similar studies [32], 
that the PALS membranes were one type of acid-base membranes through 
which the proton transferred from a sulfonic acid group to an amino 
group of polyamides by hydrogen bonds and polysalt. The lower proton 
permeability when the LS content was above 30 wt% may be explained as 
the partial blocking of the SO3- groups for proton transport by the polysalt 
formation (Figure 26). Also, the formed NH+ group may have repulsed the 
proton diffusion and led to the lower proton permeability [33]. 
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Figure 26.  Structure of polysalt [33]. 

 

Proton permeabilities through PAD membranes were also determined by 
the proton transport experiment (Figure 27).  
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Figure 27. Effect of DEHPA concentration on proton permeability. 
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We found that DEHPA constantly improved proton permeability. 
However, proton permeability was too low even with a high DEHPA 
concentration. Although the permeation curve implied that proton 
permeability increased continuously as the DEHPA concentration 
increased, it was impossible to increase DEHPA concentration over 1000 
mM because the membrane became very brittle with high DEHPA 
concentrations.  

 

3.6 Electrochemical characterization of PEG and PA 
composite membranes 

Ion conductivity was carried out by impedance spectrometry (IS) to 
confirm the transport results. 

First, the electrical resistance of the PSU membrane treated with thermal 
sulfonation was about 15 times lower than that of the untreated PSU 
membrane [34]. This confirmed that sulfonic acid groups were introduced 
into the PSU chain. 

Figure 28 shows the electrical resistance of PEG membranes in 0.5 M NaCl 
solution. A high PEG loading reduced membrane resistance and this then 
remained constant. The results of the transport experiment therefore 
showed a good correlation with those from IS analysis. 
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Figure 28.  Electrical resistance of membranes in 0.5 M NaCl solution. 
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Finally, Figure 29 shows the electrical resistance of PALS membranes in 
0.5 M NaCl solution. Membrane electrical resistance shows a minimum 
around 20 wt.% LS content. These results are in agreement with those 
from proton transport experiments, though the optimal LS concentration 
was slightly different.  
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Figure 29. Electrical resistance of membranes in 0.5 M NaCl solution. 

 

4 Conclusions 
PEG and PA composite membranes were synthesized by coating PEG and 
PA skin layers on top of the porous PSU membranes.  

PSU porous membranes were treated by thermal sulfonation, which 
improved their ability of proton transport. Results from transport 
experiments showed an increase of one order of magnitude in proton 
permeability after 3 h of thermal sulfonation. The IS confirmed that the 
PSU membrane lowered its electrical resistance by 15 times after the 
treatment.  

Swelling and mass transport studies of PEG membranes suggested that 
the mass transport mechanism through the PEG skin layer depended on 
the water content. The most likely proton transport mechanism was 
dominated by hopping. The lowest mass transport resistance was found 
for a PEG loading of 4.65 mg/cm2. By adjusting the support layer, we can 
improve the membrane selectivity of proton to methanol.   
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Our experimental work has confirmed that the polyamide dense layer is a 
good barrier for methanol. Incorporating LS into the PA matrix did not 
significantly increase the degree of membrane swelling. Methanol 
permeability correlated with the degree of swelling, while proton 
permeability behaved differently. The proton transport mechanism may 
be as follows: the sulfonic acid groups interact with the N-base of 
polyamide via the formation of hydrogen bonds and protonation of the 
basic N (polysalt). At a high LS content, polysalt formation may partially 
prevent the acid site from combining with proton. Moreover, protonated 
positive N-base may repulse proton diffusion.   

If we compare optimal PEG membrane and optimal PALS membrane, the 
lowest electrical resistances for both kinds of membranes were around 3.0 
ohm-cm2. Corresponding methanol permeabilities were cm71038.9 −× 2/s 
and cm71075.2 −× 2/s for the PEG membrane and the PALS membrane, 
respectively. Obviously, PALS20 showed a better selectivity of proton to 
methanol than the PEG membrane.  

We can also compare the PALS20 membranes with Nafion 117. The 
PALS20 membranes showed one order lower of methanol permeability 
than Nafion 117. However, its proton permeability was also much lower 
than that of Nafion 117. We suggest two ways to improve proton 
transport through the PALS membrane. The first one is to reduce the 
thickness of the PSU support. The second is to use LS with a suitable 
molecular weight and suitable acid groups.  

There may be some concerns about membrane stability in a fuel cell 
operation, since the membrane may degrade due to the presence of 
different radical species in the cell. Specifically, species such as HO· 
originated from oxygen diffusion through the membrane and incomplete 
reduction at the fuel cell anode [35, 36]. We suggest using the real cell test 
in future and, if these composite membranes are not suitable for fuel cell 
application, they should be considered in the application of 
electrodialysis. 
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Chapter 4 
 

Hybrid lignosulfonate membranes (I): 
morphological characterization  

and mass transport 
 

 

1 Introduction 
Many attempts at developing proton-conducting membranes have 
focused on hybrid membranes made of polymer blends consisting of rigid, 
hydrophobic polymer and hydrophilic polymer attached with acid groups 
[1-8]. The hydrophobic polymer functions as a methanol barrier and the 
hydrophilic polymer functions as a proton affiliation site. Most 
hydrophilic polymers are sulfonated polysulfone (SPSU) or sulfonated 
poly(etheretherketone) (SPEEK). The sulfonation process modifies the 
hydrophobic polymers by introducing the sulfonic acid groups to the 
polymer backbones. The sulfonation degree can be controlled by changing 
the acid concentration, sulfonation time and temperature in order to 
generate a moderate sulfonated polymer. Too much of the sulfonic acid 
groups will cause high membrane swelling, which leads to undesired 
methanol permeability or methanol crossover [9, 10].  

Rather than modifying polymers by a sulfonation process, our approach is 
to apply lignosulfonate (LS) in the preparation of hybrid membranes. LS 
is a high crosslinked polymer containing sulfonic acid groups obtained 
directly from the sulfite pulping industry. Its chemical structure has been 
illustrated in Chapter 3 (Figure 3).  

In Chapter 3, we showed that LS is a good proton carrier.  In this chapter 
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we have prepared hybrid membranes by blending LS with polysulfone 
(PSU). PSU is a chemical and mechanical stable polymer that acts as a 
methanol barrier. Blending PSU with LS in different proportion should 
generate membranes with good selectivity of proton over methanol. 
Moreover, the membrane preparation procedure is simple and 
industrially friendly, and LS hybrid membranes are much cheaper than 
other membranes.  

2 Experimental 
2.1 Preparation of PSU-LS hybrid membranes 
PSU (Mw. 35,000) was purchased from Aldrich and LS (Mw. 7,000) was 
given by Borregaard Lignotech, Spain. The casting solution was prepared 
by dissolving LS and PSU in N,N-Dimethylformamide (DMF) at different 
temperatures. The casting solution was spread by a coating machine onto 
a glass surface in a controlled thickness film. The wet film formed a solid 
membrane after it was immersed into a precipitation bath or a nonsolvent 
bath.  

Membrane properties can be changed in many ways. In this work we have 
considered five influential factors: the PSU concentration in the casting 
solution, the LS concentration in the dry membrane, the temperature of 
the casting solution, the temperature of the precipitation bath and the 
composition of the precipitation bath.  

Finally, we obtained two categories of membranes that were named 
according to the PSU concentration in the casting solution: PSU10LS 
membranes (10 wt.% PSU in the casting solution) and PSU15LS 
membranes (15 wt.% PSU in the casting solution). 

2.2 Membrane characterization 
LS membranes were characterized by attenuated reflectance infra-red 
(ATR-IR), contact angle measurement (CA), scanning electron microscopy 
(SEM) and atomic force microscopy (AFM). The membrane morphologies 
in the SEM pictures were analyzed by IFME® software [11]. Mass 
transport ability, i. e. proton and methanol permeabilities, through LS 
membranes were determined by transport experiments. All the 
characterization details are described in Chapter 2. 
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3 Results and Discussion of PSU10LS hybrid 
membranes 

3.1 The effect of the temperature of the casting solution  
Three series of PSU10LS membranes (Table 1) were prepared by mixing 
LS with 10 wt.% PSU at different temperatures (20 ºC, 33 ºC, 48 ºC and    
61 ºC) and then precipitated in a water bath at 20 ºC. 

 

Table 1.  List of PSU10LS membranes 

Membrane LS content in the dry 
membrane [wt. %] 

LS content in the 
casting solution [wt. %] 

LS9 9.1 1 

LS17 16.7 2 

LS23 23.1 3 

 

Membranes were tested in the transport cells to determine the optimal 
temperature of the casting solution according to the proton permeability. 
The results are shown in Figure 1. 
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Figure 1. The effect of the temperature of the casting solution on proton 
permeability for LS9, LS17 and LS23.  
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Clearly, a casting solution temperature of around 33 ºC generated 
membranes with the highest proton permeability. 

3.2 The effect of the precipitation temperature  
Having fixed the temperature of the casting solution at 35 ºC, membranes 
LS9, LS17 and LS23 were prepared by precipitating in a water bath at 
different temperatures. Their proton and methanol permeabilities are 
presented in Figure 2 and Figure 3, respectively.  
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Figure 2. The effect of precipitation temperature on proton permeability. 
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Figure 3. The effect of precipitation temperature on methanol permeability. 
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We noticed that when the precipitation temperatures were around 20 ºC, 
the membranes exhibited relatively high proton and methanol 
permeabilities. Clearly, for the permeability of an acid membrane is 
closely related to its proton permeability since either the proton or the 
methanol is transported together with solvating water [12-16].  

3.3 The effect of LS content  
In Figures 1–3, we observed that a higher LS content showed higher 
proton and methanol permeabilities. To show the effects of LS content on 
membrane morphology, we present Figure 4 to illustrate the 
morphological changes of membranes cast at 35 ºC and precipitated at    
20 ºC.   

 
       a     b 

 
       c     d 

Figure 4.  SEM cross-section images (a:  LS9; b: LS17; c: LS23; d: PSU10). 
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If we compare image 4.a with image 4.d, we can see that the channel 
structure of the LS9 membrane was similar to that of the PSU10 
membrane. From images 4.b and 4.c, we can see that, as more LS was 
dispersed in the PSU network, the membrane morphology changed from 
an open porous structure to a closed porous structure. In particular, the 
LS 23 membrane exhibited a denser structure with closed micropores on 
the top layer and macrovoids near the sublayer, and channels no longer 
existed. The membrane with the closed porous structures had a higher 
diffusion resistance than the one with the open porous structure, i.e. LS23 
should have a higher resistance to proton transport than LS9. The results 
of transport experiments (Figure 2), however, showed that LS23 exhibited 
higher proton permeability than LS9. This indicates that, at a high LS 
content, acid groups (-SO3-) had a greater effect on proton transport than 
the membrane morphology did.  

3.4 The effect of the composition of the precipitation bath  
So far we have determined the optimal temperatures of the casting 
solution and precipitation bath. We have also found that the LS23 
membrane had the highest proton permeability under all conditions. With 
the best membrane obtained so far (LS23), we then studied the effect of 
the composition of the precipitation bath at a precipitation temperature of 
20 ºC.   

LS23-1 was precipitated in pure iso-propanol (IPA) solution, LS23-2 was 
precipitated in 50 wt.% IPA and 50 wt.% H2O solution (IPAW), and LS23-
3 was precipitated in 70 wt.% IPA and 30 wt.% DMF solution (IPAD). 

Figures 5.a to 5.c correspond to the cross-section SEM images of LS23-1, 
LS23-2 and LS23-3. 

  
  a     b 
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     c 

Figure 5.  SEM cross-section images (a: LS23-1; b: LS23-2; c: LS23-3). 

 

Different compositions of precipitation solution induced different 
membrane morphologies. The IPA solution generated the thinnest 
membrane LS23-1, which had the largest pores or macrovoids. LS23-2 had 
a more symmetrical structure, with elongated macrovoids in the sublayer. 
LS23-3 was the thickest membrane and had relatively large pores and 
fewer macrovoids. 

The morphological differences influenced the mass transport ability of the 
membranes. As we can see in Figure 6, the LS23-2 membrane, which was 
precipitated in IPAW solution, showed the best proton permeability, and 
LS23-1, which was precipitated in pure IPA, showed the lowest proton 
permeability. Compared to the LS23 membrane precipitated in water bath, 
which had a proton permeability of 1.78 cm510−× 2/s, the proton 
permeability of LS23 membranes precipitated in other solutions was 
dramatically lower. This suggests that the presence of water in the 
precipitation bath helped to obtain membranes with better proton 
transport abilities, perhaps because the structure provided less resistance 
or because the water helped to arrange the –SO3- groups towards the 
polymer/air and polymer/polymer interface, thus facilitating proton 
transport along the pore walls and through the polymer.  
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Figure 6.  Logarithmic plot of proton and methanol permeabilities 
through LS23 membranes precipitated at different baths.  

 

4 Results and discussion of PSU15LS hybrid 
membranes 

Four series of PSU15LS membranes (Table 2) were prepared by mixing 15 
wt.% PSU with LS at different temperatures (20 ºC, 33 ºC, 48 ºC and 61 ºC) 
and then precipitated in a water bath at 20 ºC. 

 

Table 2.  List of PSU15LS hybrid membranes 

Membrane LS content in the dry 
membrane [wt. %] 

LS content in the 
casting solution [wt. %] 

LS6 6.3 1 

LS12 11.7 2 

LS17 16.7 3 

LS21 21.1 4 
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Compared to the PSU10LS membranes prepared under the same 
conditions, the PSU15LS membranes were thicker and showed better 
apparent mechanical properties. 

4.1 Attenuated Total Reflectance Infra-red spectra (ATR-IR) 
Figure 7 shows the IR spectra of PSU and LS membranes. Compared to 
the spectra of the PSU blank membrane, the PSU-LS spectra showed new 
absorption peaks at 3451-3100 cm-1 and 1700-1600 cm-1 that were assigned 
to O-H stretching vibration and C=O stretching vibration, respectively. 
These refer to the phenolic hydroxyl groups and carbonyl groups of LS 
[17]. These IR absorption bands revealed that LS was incorporated into 
the PSU network. 
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Figure 7.  IR spectra of PSU and PSU15LS membranes. 

 

4.2 The effect of the temperature of the casting solution  
We conducted proton transport experiments to determine the optimal 
temperature of the casting solution for each series of membranes. The 
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results are shown in Figure 8.  

Membranes obtained with the casting solution at 33 ºC showed the 
highest proton permeability. This implied that, around 33 ºC, PSU and LS 
might form a more homogeneous blend. Also, a higher LS content 
enhanced proton permeability because there were more –SO3- groups in 
the membrane. However, as it was difficult to obtain LS21 membranes 
without defects, we stopped trying to prepare it in further studies. 
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Figure 8.  The effect of the temperature of the casting solution on proton 
permeability through the LS6, LS12, LS17 and LS21 membranes. 

 

4.3 The effect of the precipitation temperature and LS content 

4.3.1 Membrane cross-section morphologies by SEM 
To examine how the precipitation temperature and LS content affect 
membrane morphology, we obtained membrane cross-section 
morphologies by SEM. The images are shown in Figures 9–11. 
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        a     b 

 

 

  
      c     d 

Figure 9.  SEM cross-section images of LS 6 membranes (a: 11 ºC;  b: 15 ºC; 
c: 20 ºC; d: 35 ºC). 
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   a     b 

 

 

   
   c     d 

 

Figure 10.  SEM cross-section images of LS 12 membranes (a: 11 ºC; b: 15 
ºC; c: 20 ºC; d: 35 ºC). 
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  a       b 

   
  c                                           d 

Figure 11.  SEM cross-section images of LS 17 membranes (a: 11  ºC; b: 15  
ºC; c: 20  ºC; d: 35  ºC).  

 

These SEM pictures highlight two facts. First, a higher precipitation 
temperature induced more macrovoids and the macrovoids appeared to 
be closer to the top layer. Second, a higher LS content induced larger 
pores and fewer macrovoids in the membranes. 

 formation is a process, and 
stanta eous emixi g fav n [18]. A high 

Membrane  li  demixing 
in n d n ors macrovoid formatio

quid-liquid

precipitation temperature accelerated the solvent-nonsolvent diffusion, 
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which speeded up the demixing process and led to the presence of more 
macrovoids close to the film/bath surface. 

 is controversial whether increasing the LS concentration produced 

wever, we must consider 

ilar study on PVP-DMF-PSU 

It
membranes with fewer macrovoids. As we know, LS is soluble in water 
and, as we saw in the preparation of the casting solution, reduces the 
miscibility between PSU and DMF. LS therefore showed its nonsolvent 
effects in the casting solution. These should accelerate the demixing 
process and generate more macrovoids [19]. Ho
the kinetic hindrance due to the rheological effects. During the experiment 
we found that, obviously, LS increased the viscosity of the casting 
solution since it is a good dispersant and has a high molecular weight. The 
rheological effects therefore reduced the solvent-nonsolvent exchange rate 
and delayed demixing took place. A sim
system in the literature [20] showed that, at a low polyvinyl pyrrolidone 
(PVP) content, the system was dominated by a thermodynamic driving 
force, which increased the demixing process. At a high PVP content, 
however, they observed the same rheological effects as we did and 
concluded that the kinetic driving force dominated and suppressed the 
formation of macrovoids. We believe that when the LS content in the 
membrane was low (LS6 and LS12 membranes), the demixing process was 
thermodynamically controlled so that more macrovoids formed as the 
precipitation temperature increased. With a high LS content (LS17 
membranes), however, kinetic hindrance dominated the demixing process 
so that the membrane morphologies were characterized as having fewer 
macrovoids and the precipitation temperature had less influence. 

 The cross-section images of LS12 and LS17 were analyzed by the IFME 
program to show their asymmetric properties. The results are shown in 
Table 3. 

Table 3.  Asymmetry analysis for LS12 and LS17 membranes at several 
precipitation temperatures 

LS12 LS17 
 

11 ºC 15 ºC 20 ºC 35 ºC 11 ºC 15 ºC 20 ºC 35 ºC 

Asymmetry % 9 11 13 15 7 10 10 16 

 

Membranes with a homogeneous pore distribution and fewer macrovoids 
had low values of asymmetry. Table 3 shows that membrane tended to be 

tended to be more symmetrical with a high LS content.  
more asymmetrical when it was precipitated at a high temperature and 
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4.3.2 
Membrane surfa y il was ana  o a
measurements. The results are listed in Table 4. 

 

Table 4.  Contact angles of me pitated at different 

Contact angle measurement 
ce h droph icity lyzed by c ntact ngle 

mbranes preci
temperatures 

 Contact angle [º] 

Precipitation 
temperature [ ºC] LS6 LS12 LS17 

11 63.38 62.27 56.82 

15 58.94 55.70 60.07 

20 61.99 65.94 60.11 

35 62.52 59.16 58.63 

 

 

In general, Tabl  that the precipitation temperature of 
membranes gen had  co an i.e. membranes 
precipitated at 15 ºC were more hydrophilic than the others. We also 
noticed that the mem nes with  L  l contact angles 
because, as more sulfonic acid groups were incorporated, the membranes 
became more hydrop c. Mass t ort y through membranes 
should increase as the hydrophilicity increases. 

   

4.3.3 Membrane m s transpo ili
LS6, LS12 and LS17 membranes were prepared from the casting solutions 
t 35 ºC and precipitated in a water bath at different temperatures. The 

e 4 shows
erated at 15 ºC  low ntact gles, 

bra  more S had ower 

hili ransp  abilit

as rt ab ty 

a
proton and methanol permeabilities are presented in Figures 12 and 13, 
respectively.  

The proton permeabilities obtained with the LS6 and LS12 membranes 
behaved in the same way with respect to the precipitation temperature. At 
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a precipitation temperature of 15 ºC, we obtained membranes with the 
highest proton permeabilities.   

Proton permeability obtained with the LS17 membranes behaved 
 and LS12 membranes, 

ased. Again we found that 

e conditions. We also observed the same trend for the 

differently from that obtained with the LS6
increasing as the precipitation temperature incre
the LS content improved the proton permeability through the membrane, 
although there was an exception for LS17 precipitated at 11 ºC, whose 
proton permeability was not obviously higher than that of LS12 prepared 
under the sam
methanol permeability in Figure 13. As, for the acid membranes, proton 
and methanol are transported with the solvating water, when proton 
permeability is high, the corresponding methanol permeability is also high.  
These results perfectly matched those from our analysis of membrane 
morphology and hydrophilicity. 
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Figure 12.  Effect of precipitation temperature on proton permeability for 
membranes LS6, LS12 and LS17. 
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Figure 13.  Effect of precipitation temperature on methanol permeability 
for membranes LS6, LS12 and LS17. 

and calculated their selectivity of proton 
to methanol according to Eq. (7) in Chapter 2.  Figure 14 compares the 
esults for the LS membranes with those for the Nafion 117 membrane. 

The LS membranes selected showed equal or even higher proton 
selectivity than Nafion 117. 

We selected several membranes 
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Figure 14. Selectivity values of proton over methanol for s lected LS e
membranes and Nafion 117. 
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4.3.4 Membrane surface morphologies by AFM 
AFM was used to determine membrane surface morphology. The tested 
membranes presented spherical nodules, nodule aggregates and 
supernodules. Nodules are partly fused spherical particles with a diameter 
of approximately 25-200 nm [21 - 24]. 

Clearly, different precipitation temperatures induced different 
arrangements of nodule and nodule aggregates on the film/bath surface of 
the LS6 membranes. At 11 ºC (Figure 15), the nodules were of a different 
size, randomly distributed and arranged in a relatively compact form. At 15 
ºC (Figure 16), the nodules grew larger were shaped like water droplets. 
From their phase information images, we can see that the nodules were 
homogeneous in size and showed an ordered distribution. At 20 ºC (Figure 
17), nodule aggregates rather than nodules were present on the membrane 
surface. Clearly, at 35 ºC (Figure 18), the nodules further aggregated into 
cluster-like domains of supernodules and the spaces between the domains 
were wider. This resulted in a floating islands arrangement with individual 
nodule visible at the edge of the cluster.  

 

 

200nm
   

200nm
 

Figure 15.  Topology and phase image of LS6 membrane precipitated at  
11 ºC. 
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F
at 15 ºC. 

igure 16.  Topology and phase image of the LS6 membrane precipitated 

 

 

200nm
    

200nm
 

Figure 17.  Topology and phase image of the LS6 membrane precipitated 
at 20 ºC. 

 

 

- 77 - 



 
 

Chapter 4 

    
Figure 18.  Topology and phase imag LS6 membrane precipitated 
at 35 ºC. 

or LS12 membranes, we found that the effect of the precipitation 
mperatures on membrane topology was similar. At 15 ºC (Figure 20), the 

topology showed an ordered comp ct nodular arrangement. At 20 ºC 
(Figure 21), the nodules further aggregated and formed a looser structure 
between the nodules and the nodule aggregates. At 35 ºC (Figure 22), the 
image was very similar to that of the LS6 membrane. The cluster-like 
supernodules were formed and distributed randomly. 
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Figure 19.  Topology and phase image of the LS12 membrane precipitated 
at 11 ºC. 
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Figure 20.  Topology and phase image of the LS12 membrane precipitated 
at 15 ºC. 

 

 

      
Figure 21.  Topology and phase image 12 membrane precipitated 
at 20 ºC. 

 

of the LS
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200nm
  

200nm
 

Figure 22.  Topology and phase ima 12 membrane precipitated 

me time, we also studied the three-dimensional (3-D) images of the 
S membranes. These images provided information about the global view 
f the membrane surfaces. 

 

 

ge of the LS
at 35 ºC. 

At the sa
L
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Figure 23.  3-D image of the LS6 membrane precipitated at 11 ºC. 
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Figure 24.  3-D image of the LS6 membrane precipitated at 5 ºC. 

 

 

 1

 
Figure 25.  3-D image of the LS6 membrane precipitated at 20 ºC. 
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Figure 26.  3-D image of the LS6 membrane precipitated at 35 ºC. 

The above 3-D images are of LS6 membranes at different precipitation 
tem eratures. The LS6 membranes at 11 ºC had randomly distributed 
peaks of different heights due to the small and different nodule size. At 15 
ºC, the membrane surface had a relatively uniform nodular structure with a 
clear boundary, which means that the nodules were larger (around 120 nm) 
and homogeneous distributed. The nodule is considered to be the polymer 
chain deposited in a more orientated way [25, 26]. When the temperature 
increased to 20 ºC, a large number of fine peaks with relative uniform 
height were present on the membrane surface, which probably because of 
the decreased nodule size. The nodules still maintained a relatively 
homogeneous distribution even though in some regions they aggregated 
and formed cluster-like domains. At 35 ºC, the surface flattened out and no 
clear nodules were observed. This flattening of the surface may have been 
due to the surface tension and the restraining effect of contiguous nodule 
aggregates and supernodules [25].   

Three-dimensional images were also obtained for the LS12 membranes. At 
11 ºC, the surface seemed flatter and smoother, which may suggest larger 
nodules and a relatively homogenous distribution. At 15 ºC, we observed 
peaks  
compared this with the LS6 membrane at the same temperature, we 
deduced that the nodule size decrease  as the LS content increased in the 
membrane. At 20 ºC, the surface was full of fine homogeneous peaks, 

 

p

instead of nodular structures on the membrane surface. When we

d
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which means that the nodules were smaller and homogeneously 
distributed, though nodule aggregates appeared occasionally. Finally, at 
35 ºC, the flattened surface suggested the nodule aggregates and 
supernodules.  

 
Figure 27.  3-D image of the LS12 membrane precipitated at 11 ºC. 

 

 

 
Figure 28.  3-D image of the LS12 membrane precipitated at 15 ºC. 
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Figure 29.  3-D image of the LS12 membrane precipitated at 20 ºC. 

 
Figure 30.  3-D image of the LS12 membrane precipitated at 35 ºC. 

 

In general, for the LS6 and LS12 membranes, as the precipitation 
temperature increased 12 
memb e 
ordered and then disordered, the nodule or nodule arrangement was 
compact and then became looser, and the individual nodules tended to 

, the size of the nodules of the LS6 and LS
ranes first increased then decreased, their distribution becam
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aggregate into supernodules at high precipitation temperatures. The 
specific temperature (15 ºC) was the turning point for the morphology 
change, which is closely related to the hydrophilicity of the membrane 
surface and helps to achieve high proton and methanol permeabilities. 

When we observed the surface morphology of the LS17 membranes at 
different precipitation temperatures (Figures 31–38), we found that 
temperature did not significantly affect membrane topology and that all 
the membrane surfaces presented small nodule aggregates and few 
interstices. The 3-D images show that the membrane surfaces were quite 
regular, with low peaks or nodule aggregates, which suggests that a high 
LS content, rather than temperature, mainly influenced the LS17 
membrane morphology.  

To understand how the precipitation temperature and LS content 
influenced membrane morphology, we must begin with the demixing 
process. When studying the solvent-nonsolvent exchange, Ambrosone et 
al. [27 t 
flowed out of the solution than nonsolvent flowed into the solution, which 
led to an increase in polymer concentration at the interface. In section 4.3.1 

olymer-density region or pores [25, 26]. The 

] suggested that in the case of skin layer formation, more solven

we reported that LS can enhance the demixing but that it can also cause 
kinetic hindrance for the demixing. We conclude that the formation of the 
LS6 and LS12 membranes was thermodynamially controlled, so the 
precipitation temperature greatly influenced the membrane morphology. 
For the LS17 membranes, on the other hand, kinetic hindrance was 
dominant. Kesting [25] suggested that, before and after phase inversion, 
nucleation and growth of polymer-rich particles into progressively larger 
particle aggregates took place. These particles corresponded to nodules or 
nodule aggregates.  

With regard to the formation of the LS6 and LS12 membranes, therefore, 
when the precipitation temperature increased, the kinetic hindrance 
started to decrease and the solvent-nonsolvent exchange rate increased 
under thermodynamic control. This increased the polymer concentration 
at the interface and formed polymer-rich phase nuclei. The nuclei then 
grew and formed larger nodules and nodule aggregates. At the same time, 
more nonsolvent entered the interface and formed interstices, which 
corresponded to a low-p
membrane morphologies at 15 ºC suggested the existence of a relatively 
homogeneous local polymer solution and a moderate solvent-nonsolvent 
exchange rate, probably because the kinetic hindrance and 
thermodynamic control reached equilibrium. Under this equilibrium, the 
nuclei grew to more uniform-sized nodules and the nodules were 
distributed in order. 
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With regard to the formation of the LS17 membrane, kinetic hindrance 
dominated the demixing process, so the solvent-nonsolvent exchange rate 
did not increase as the precipitation temperature increased. Since the 
polymer concentration at the interface hardly changed, the LS17 
membranes showed similar nodule aggregate morphologies at different 
precipitation temperatures. As less nonsolvent entered the polymer 
network than with the LS6 and LS12 membranes, fewer interstices formed 
between the nodule aggregates.  

 

200nm
  

200nm
 

Figure 31.  Topology and phase image of LS17 membranes precipitated at 
11 ºC. 

 

200nm
   

200nm
 

Figure 32.  Topology and phase image of LS17 membranes precipitated at 
15 ºC. 
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Figure 33.  Topology and phase image of LS17 membranes precipitated at 
20 ºC. 
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200nm
 

Figure 34.  Topology and phase image of LS17 membranes precipitated at 
35 ºC. 
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Figure 35.  3-D image of the LS17 membrane precipitated at 11 ºC. 

 

 
Figure 36.  3-D image of the LS17 embrane precipitated at 15 ºC. 

 

 m
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Figure 37.  3-D image of the LS17 membrane precipitated at 20 ºC. 

 

 
Figure 38.  3-D image of the LS17 embrane precipitated at 35 ºC. 

The roughness of the membrane surfaces was also analyzed using SPIP 
software. The results are shown in Fi re 39. 
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Figure 39.
membrane surface. 

 

The roughness of the surfaces of the LS6 and LS12 membranes, 
precipitated at 15 ºC, was the lowest of all membranes with the same LS 
content. Almost all the surfaces of the LS17 membranes were less rough 
than those of membranes with lower LS contents. This suggests that when 
the nodules and nodule aggregates were homogeneously distributed and 
there were fewer interstices, the roughness of the membrane surface was 
lower. 

 

4.4 Effect of the composition of the precipitation solution  
Two LS17 membranes (LS17-1 and LS17-2) were obtained by p ecipitating 
in pure IPA solution and 50%IPA/50%H2O solution (IPAW), r spectively. 
The 0.a 
shows the morphology of the LS17 membrane precipitated in IPA. We can 
see that it is different from that of the other membranes. There were two 

s, while the top layer of the 
membrane (image 40.b) showed flattened and closed pores, suggesting 
that the pores had not been completely formed during the demixing 
process, perhaps because the delayed demixing process tended to form a 
dense layer that was not completed. The LS17 membrane precipitated in 

  Effect of precipitation tem erature on the roughness of the p

r
e

ir cross-section morphologies are shown in Figure 40. Image 4

distinct regions: the sublayer of the membrane showed a round and 
closed porous structure with some macrovoid
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IPAW solution (image 40.c) was twice as thick and had more macrovoids 
than the LS17 membrane precipitated in IPA. This could be because of the 
greater affiliation between DMF and IPAW and because instantaneous 
demixing took place. 

    
  a     b 

 

 
     c 

 

Figure 40.  SEM cross-section images of LS17 membranes precipitated at 
different baths (a: IPA; b: enlarged images of top layer of image a;  
c: IPA/H

            
2O). 

 

These different structures also influenced mass transport ability, as we can 
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see in Table 5. LS17-1 showed lower proton and methanol permeabilities 
than LS17-2, probably due to the denser top layer of the LS17-1 membrane 
and the less resistant structure (i.e. there were more macrovoids) of LS17-2 
membrane. 

 

Table 5.  Proton and methanol permeabilities of the LS17-1 and LS17-2 
membranes 

 Membranes 

Permeability 10-8 
[cm2/s] LS17-1 LS17-2 

Proton 5.92 11.35 

Methanol 0.76 3.88 

 

ed the surface morphology of these two membranes (see 
Figures 41 and 42). 

 

 

AFM reveal

200nm
   

200nm
 

  a     b 

opology and phase images of the LS17-1 membrane 
recipitated in IPA. 

 

Figure 41. T
p
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200nm
   

200nm
 

  a     b 

Figure 42.   Topology and phase ages of the L  membrane 
precipitated 

 

Unlike the LS17 membrane precipitat e LS17 membranes 
precipitated in IPA and IPAW presented a random distribution of nodule 

as 30.49 nm, which confirmed that roughness was 
losely related to nodule distribution.  

4.5 Correlation of membrane morphology with its transport 
ability 

Interestingly, the surface roughness (see Figure 39) and contact angles (see 
Table 4) of the membrane were generally inversely proportional to mass 
transport ability (see Figures 9 and 10).  

SEM and AFM suggested that a precipitation temperature of 15 ºC 
generated membranes of a relatively larger and uniform nodule size and 
that the nodules and nodule aggregates were distributed in a more 
orientated way. A higher LS content tended to form larger and more 
regular aggregates without excess  Transport experiments 
showed that membranes generated  ºC (the LS6 and LS12 membranes) 
sho and that a 
higher LS content (LS17 membranes) led to greater permeation.  

actor for mass transport, since the macromolecule 
concentration decides the nodule size and the way the macromolecules 
are deposited could influence the nodule shape and aggregation 

 im S17-2
in IPAW. 

ed in water, th

aggregates and supernodules. The roughness Rq for LS17-1 was 107.51 nm 
and for LS17-2 it w
c

 interstices.
 at 15

wed the highest proton and methanol transport abilities 

The arrangement of the macromolecules within the nodule may therefore 
be a determining f
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arrangement. A membrane with large and regularly distributed nodules 
or nodule aggregates on the skin layer (also called the selective layer) 
should lead to high permeation.   

 

5 Conclusions 
A higher PSU concentration in the casting solution generated denser LS 
hybrid membranes that proved to be better methanol barriers.  

The optimal temperature of the casting solution was 35 ºC according to 
the high proton permeability. 

Wh n 3 wt.%, a 

uted nodule aggregates. These characteristics 
correlated with a lower mass transport ability. The optimal precipitation 

3 wt.%, the 
membranes had fewer macrovoids in the cross-section and regularly 

t 
the k ndrance of LS made the greatest contribution to the 

the macromolecules within the 

en the LS concentration in the casting solution was less tha
higher precipitation temperature led to more asymmetrical membranes 
with smaller pores. Also, the membrane surface was rougher and had 
more randomly distrib

temperature was 15 ºC. This temperature generated membranes with a 
unique surface morphology and the highest mass transport ability. We 
believe that the precipitation temperature played a more important role 
than LS content in membrane morphology and transport ability. 

When the LS concentration in the casting solution was 

distributed nodule aggregates on the surface or top layer. We believe tha
inetic hi

membrane morphology and high proton and methanol permeabilities, 
while the precipitation temperature had a secondary influence.  

We suggest that the arrangement of 
nodule is a determining factor for the mass transport.  

Compared to Nafion 117, the LS membranes showed the same level 
proton permeability ( 6100.1 −×  to 6100.6 −× cm2/s) and less methanol 
crossover (< 6102.1 −×  cm2/s), which suggests that they can be applied in 
DMFCs. 

Future research should test other properties of LS membranes, such as 
their thermal and mechanical properties and long-term stability. 
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Chapter 5 
 

Hybrid lignosulfonate membrane (II): 
electrochemical characterization 

and fuel cell performance 
 

 

1 Introduction 
In Chapter 4, we have discussed the preparation and mass transport 
ability of the hybrid lignosulfonate (LS) membranes. If LS membranes are 
to apply in the fuel cell system, their proton conductivities under various 
conditions are key parameters to determine the applicability in a direct 
methanol fuel cell (DMFC).  

In this Chapter, we measured the proton conductivity of LS membranes 
by impedance spectroscopy under several conditions. Then LS 
membranes with acceptable proton conductivity were tried to fabricate 
the membrane electrode assemblies (MEAs). MEA is the basic electrical 
unit of a single DMFC. It can be prepared by several ways: 

The traditional method is to prepare electrodes by spraying catalytic 
active material onto the diffusion backings, and then the proton exchange 
membrane is sandwiched between the anode and cathode by hot-pressing. 
Gottesfeld etc. [1, 2] prepared MEAs by transferring a catalyst layer from 
polytetrafluoroethylene (PTFE) to the proton exchange membrane. 
Another approach is to coat both side of the membrane with catalyst 
suspension (catalyst ink) to form a three-layer MEA [3]. Gülzow et al. [4], 
using a dry-sprayer for the catalytic coating of the backing or the 



 
 

Chapter 5 
 

- 100 - 
 

membrane, combined with a rolling step to bond and fix the functional 
layers.  

For each new type of proton exchange membranes, many attempts should 
be carried out to find the most suitable method to fabricate MEA. LS 
membranes are completely new, they are porous, thinner, and more 
hydrophobic compared to other dense membranes – PFSA membranes. In 
this Chapter, we found out the way to fabricate MEA from LS membranes, 
but it still requires more sophisticated investigation on MEA fabrication to 
lead to a better performance in a DMFC test rig.    

2 Membrane characterization 
2.1 Lignosulfonate membranes 
LS membranes were prepared as described in Chapter 4. Preparation 
conditions were: the temperature of the casting solution 35 ºC, the 
precipitation bath temperature 11 ºC, PSU content in the casting solution 
15 wt%. The physical and chemical properties of LS membranes are listed 
in Table 1. 

 

Table 1. Membrane properties 

Casting conditions 

Membrane 

LS content 
in the dry 
membrane 

[wt. %] 

LS content in 
the casting 

solution [wt. %]

Precipitation  
bath solution 

Dry 
membrane 

density 
[g/cm3] 

Average 
membrane 
thickness 

[μm] 

Theoretical 
gravimetric 
IEC [meq/g] 

Theoretical 
volumetric 

IEC 
[meq/cm3] 

LS6 6.25 1 Water 0.2731 86 0.054 0.0148 

LS12 11.70 2 Water 0.2593 89 0.102 0.0264 

LS17 16.70 3 Water 0.2143 110 0.144 0.0309 

LS17/IPA 16.70 3 IPA 0.3063 77 0.144 0.0438 

LS17/IPAW 16.70 3 50%IPA/Water 0.1833 155 0.144 0.0265 

Nafion 117 - - - 1.98 178 0.909 1.8 

 

The theoretical gravimetric IEC (meq/g) was calculated as  

 

1000×
×

=
acid

contentcontent
cgravimetri M

AcidLS
IEC                          (1) 
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where, LScontent refers to the LS content in the dry membrane, Acidcontent 
refers to the sulfonic acid groups content (8.4 wt.%) which was provided 
by Lignotech Borregaard, Macid refers to the molecular weight of the 
sulfonic acid. 

The theoretical volumetric IEC (meq/cm3) was calculated as 

 

edrymembrangrametricvolumetric DensityIECIEC ×=                           (2) 

 

From Table 1, we see that LS content and precipitation bath composition 
influence on the resulting membrane density. When the precipitation bath 
was deionized water, a high LS content reduced the membrane density. 
When the precipitation bath solution was isopropanol (IPA), the 
membrane has higher density. Membranes precipitated in a 50% 
IPA/water bath solution (IPAW), happened to be more porous. The 
gravimetric, and particularly the volumetric, IEC were much lower than 
the standard material Nafion 117. 

 

2.2 Water uptake measurement 
Membrane samples were cut to the size of 42 mm ×  42 mm and weighed 
after 2 h in a 130 ºC oven. Then, membrane samples were put into a water 
bath at 60 ºC and 80 ºC for 2 h and the bath was allowed to cool to room 
temperature. The membrane was immediately weighed and measured 
after the membrane surface had been wiped dry with filter paper. Finally, 
the water uptake was calculated by  

 

100(%) ×
−

=
dry

drywet

W
WW

uptake                                                 (3) 

 

We used Nafion 1135 as a reference because it was as thick as the LS 
membranes. The results are listed in Table 2. Since no dimensional change 
was observed for all the tested LS-membranes after the swelling 
experiments, we can conclude that LS membranes took water into its 
pores other than dimensional swelling, which was due to its porous 
property and rigid and hydrophobic PSU chains. Nafion 1135 swelled by 
8-10% in each direction, because of the more flexible backbone of the 
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Nafion polymer. Higher temperatures increased the water uptake for LS 
membranes and Nafion 1135. This and the fact that even the swollen LS 
membranes have densities of less than 1 g/cm3 indicates that some pores 
are not accessible at 60 °C but become accessible at 80 °C while other 
pores are not accessible even at 80 °C. 

The membrane density is related to the water uptake capacity. Low 
density membranes contain more pores, which results in high water 
uptake.  

 

Table 2. Membrane water uptake at different temperatures 

Water uptake [%] 
Membrane 

60 ºC 80 ºC 

LS6 131.76 156.62 

LS12 162.71 185.44 

LS17 245.03 282.95 

LS17/IPA 89.18 93.03 

LS17/IPAW 313.55 321.98 

Nafion 1135 23.67 31.45 

 

 

2.3 Membrane protonation 
Membrane samples were put into 3.0 M H2SO4 solution at 60 ºC for 1 h. 
Then, they were rinsed with deionized water, and put into deionized 
water at 80 ºC for 1 h. Finally, the protonated membranes were rinsed 
with deionized water and stored in deionized water. 

 

2.4 Proton conductivity measurement 
Two cells were used to measure the membrane conductivity. Cell 1, a 
four-point probe conductivity measuring cell [5] made of Teflon, was used 
to measure the conductivity under different humidities and temperatures.  
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Figure 1.  4-Electrode AC-Impedance measurement cell. 

It consisted of two platinum current-carrying electrodes (distance 3 cm) 
and two platinum potential-sensing electrodes (distance 1 cm). The cell 
was placed in a home built environmental chamber which allowed the cell 
temperature and relative humidity to be controlled independently [6].  

Cell 2 is shown in Figure 1 and has the same structure as cell 1. The 
distance between the potential-sensing electrodes is 2 cm and the distance 
between the current-carrying electrodes is 4 cm. The cell was placed in a 
water bath and the conductivity was measured at different temperatures. 

The testing sample was a piece of membrane about 10 cm long and 1 cm 
wide and was fixed in the cell. The membrane resistance was measured by 
Impedance Spectroscopy (Potentiostat / Galvanostat model 273A, EG&G 
Princeton Applied Research). The frequency swept from 65535 Hz to 100 
Hz. The data were analyzed by Z plot software.  

The conductivity was calculated using  

cRS
d

=σ                                                                             (4) 

where σ, d, R, Sc refer, respectively, to proton conductivity (S/cm), the 
potential-sensing electrode distance (cm), the membrane resistance (Ω) 
and the membrane cross-section area (cm2). 

We tested the conductivities of LS12 and LS17 membranes using cell 1 
under different humidities and temperatures. The results are presented in 
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Figure 2 and Figure 3. Membrane conductivity increases as the humidity 
and temperature increase. 
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Figure 2. The effect of humidity on the proton conductivity of a 
protonated LS12 membrane at different temperatures. 

0

1

2

3

4

5

6

7

8

9

10

11

12

50 60 70 80 90 100
Humidity [%]

C
on

du
ct

iv
ity

 [m
S/

cm
]

T=71,41ºC

T=75,42ºC

T=51,60ºC

T=61,46ºC

T=79,53

T=87,6

 
Figure 3. The effect of humidity on the proton conductivity of a 
protonated LS17 membrane at different temperatures.  
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After immersing the membrane in the water bath, we measured 
membrane conductivity over time by using cell 2. Figure 4 shows that 
membrane conductivity improved slightly with the equilibration time in 
water. After two hours, membrane conductivity reached a plateau. This 
suggested that the conductivity of LS membranes depends on the water 
uptake, which agrees with the conductivities measured under different 
humidities.  

If comparing the conductivity values obtained from vapor and liquid 
water phase, we found that the proton conductivity was much lower in 
the vapor phase than that in the liquid phase. This could be due to the 
difficulty of condensing water vapor within the micropores of the 
membrane [7, 8]. 
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Figure 4. The effect of water uptake time on membrane conductivity at   
40 ºC. 

 

Figure 5 shows the conductivities of LS membranes and Nafion 117 
measured by cell 2 at different temperatures. Higher temperatures led to 
higher conductivities for all the membranes. It is also clear that Nafion 117 
showed higher conductivity than LS membranes because its IEC was 
higher. Likewise, LS membranes with higher IEC showed increased 
conductivity. Therefore, increasing the LS content in the membrane will 
improve membrane conductivity. 
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Figure 5. Logarithmic plot of proton conductivity of LS membranes and 
Nafion 117 at different temperatures.  

 

LS membrane conductivity also depends on the precipitation bath 
solution (Figure 6). At the same LS content, the conductivity of the 
membranes precipitated in a water bath was higher than the conductivity 
of those precipitated in other solutions, which was coherent with the 
conclusion drawn from Chapter 4.  

As we observed when measuring the water uptake with IPA as the 
precipitation bath solution, the membrane was denser and took up much 
less water, which resulted in lower conductivity. However, LS17/IPAW 
showed lower conductivity than LS17 although LS17/IPAW took more 
water than LS17. Obviously the IEC, water uptake and precipitation 
solvent all play a role in membrane conductivity. It should be pointed out 
that the conductivity of the LS17 membrane is fifteen times lower than 
that of Nafion, while the volumetric acid group density is sixty times 
lower. The general expectation is that conductivity should be reduced 
more than the acid group density, because even if only a few acid groups 
are removed, some conduction pathways will be broken. This leads us to 
conclude that by choosing the right precipitation solvent, the acid groups 
can be directed into a very favorable steric arrangement.  
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Figure 6. The effect of the precipitation bath solution on membrane 
conductivity. 

 

3 Fabrication of the membrane electrode assemblies 
(MEAs) 

3.1 Catalyst inks preparation 
The catalyst ink for the cathode was prepared by proportionally mixing 
57.2% Pt/C (Johnson Matthey Hispec 9100) with deionized water, 5% 
Nafion solution (Fluka Chemika) and isopropanol (IPA). The catalyst ink 
for anode was prepared by proportionally mixing 40% PtRu/C (Heraeus) 
with deionized water, 5% Nafion solution and IPA. The suspension was 
mixed by ultrasound for 10 min at room temperature. The suspension was 
then further mixed by ultraturrax (High shear rotor-stator system). 

A study [9] suggested that optimal Nafion ionomer in the anode catalyst 
ink was about 30-40 wt.%, but in our study the optimization was not 
performed at this stage. 

 

3.2 Gas diffusion electrodes preparation 
Gas diffusion electrodes (GDE) were prepared by spraying catalyst ink on 
top of the diffusion layer which was made by depositing carbon black 
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with 40% PTFE on the carbon cloth (Vulcan XC 72, Cabot Corp.). Then, 
the electrode was dried at 60 ºC for 2 h. The electrode area was 45 mm ×  
45 mm. Before use, some GDEs were sprayed with 5% Nafion solution 
and then dried at 60 ºC. Nafion loading was about 1 mg/cm2. This Nafion 
layer on top of the electrode was to obtain a good contact between the 
electrodes and the membrane. 

Figure 7 and Figure 8 show the SEM-EDS images of anode and cathode. 
EDS determined the Ruthenium and Platinum particles throughout the 
electrodes so we can see the catalysts distribution. 

   
Figure 7.  SEM-EDS images of anodes. 

   
Figure 8.  SEM-EDS images of cathodes. 

We observe from Figure 7 that binary catalysts Pt/Ru were dispersed 
homogeneously on top of the diffusion layer, Pt particles formed some 
aggregates and these aggregates were dispersed among Ru particles.  



 
Hybrid lignosulfonate membrane (II): electrochemical characterization and fuel cell 
performance 
 

- 109 - 
 

Cathodes images show that Pt particles were not distributed very 
homogeneous on top of the diffusion layer. This suggested that the 
catalyst ink formula for the cathode should be adjusted to get 
homogeneous distribution of Pt.  

Both electrode surfaces were quite rough. 

 

3.3 Hot-pressing technique 
The MEA was fabricated by placing the GDEs and the membrane between 
two steel plates. 0.5 kN/cm2 pressure was exerted to the steel plates at  
130 ºC for 3 min. Then the MEA was allowed to cool down to the room 
temperature between the plates without pressing. 

Several attempts were tried to prepare an MEA from pretreated LS17 
membrane and GDEs with or without extra Nafion solution sprayed on 
top.  

In the first occasion, without Nafion spraying on top of GDEs, the anode 
was in contact with the film/glass surface of the dry membrane, and the 
cathode was in contact with the film/bath surface of the dry membrane. 
The GDEs did not stick onto the membrane. When pressing the same 
GDEs with wet membrane, the anode stuck to the membrane, while the 
cathode did not. It is suspected that since LS membranes are hydrophobic 
in general, then dry membrane had very low affinity with hydrophilic 
GDEs. We tried the hot-pressing in the reverse order. It is, the anode 
facing to the film/bath surface of the membrane, and the cathode facing to 
the film/glass surface of the membrane. The results showed that the 
cathode stuck to the membrane while the anode did not. It is clearly 
demonstrated that the film/glass surface of the membrane has stronger 
interaction with electrodes than the film/bath surface of the membrane.  
One reason for this could be the hydrophilicity of the membrane surfaces, 
which was presented in Table 3. 

 

Table 3.  Contact angles of LS12 and LS17 membranes 

Contact angle [º] 
Membrane Film/glass 

surface 
Film/bath 

surface 

LS12 54.4 62.3 

LS17 52.1 56.8 
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LS12 and LS17 showed more hydrophobicity of their film/bath surfaces 
and more hydrophilicity of their film/glass surfaces. 

In the second occasion, GDEs were sprayed with Nafion solution. By 
pressing, MEAs were formed tightly. It is proved that the contact between 
electrodes and the membrane were improved and Nafion played as the 
adhesive. However, single cell measurement showed zero open cell 
voltage (OCV) because pin holes formed during the pressing process, 
which led to gas permeation from the cathode to the anode.  

In order to know the membrane morphology change during the hot-
pressing process, we pressed the LS17 membrane under the same 
condition. We observed that the membrane thickness has reduced over 
57% and its area dimension has slightly extended. Confocal laser scanning 
microscopy (Leica TCS SP2) was used to characterize its morphology 
change after the pressing (Figure 9). 

From uncompressed LS17 image (Figure 9.a), we can clearly observe the 
pores and macrovoids on the membrane cross section. After the hot-
pressing, the compressed LS17 membrane became denser. From Figure 9.b, 
micro pores could not be observed while the flattened macrovoids are still 
present. 

  
  a     b 

Figure 9. Membrane morphology by confocal laser scanning 
microscopy (a: Uncompressed LS17 height information, b: Compressed 
LS17 height information). 

 

SEM images (Figure 10) showed clearly the membrane morphology 
changes before and after the pressing. Uncompressed LS17 showed round 
pores, while the compressed LS17 showed deformed flattened pores. And 
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from Figure 10.c we also see some cracks along the pore walls which 
implied that during the pressing process, the pores were slightly broken. 

  
  a     b 

Cracks 

Flattened 
macrovoids 

Flattened pores 

 
c 

Figure 10.  SEM cross-section images (a: uncompressed LS17, b: 
compressed LS17, c: enlarged image of compressed LS17). 

 

Because the density of the compressed membrane doubled, the volumetric 
density of sulfonic acid group also doubled. Hence, the compressed 
membrane showed higher conductivity than the uncompressed one from 
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the results of conductivity measurement as shown in Figure 11, which 
indicated that few cracks did not break the proton transport paths. 
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Figure 11. Hot-pressing influence on membrane conductivity. 

 

3.4 Direct knife-coating of membrane with catalyst layers 
The coating ink was prepared as the catalyst ink stated above with 
adjusted proportion. The membrane was covered by 3 layers of Tesa 
transparent tape (approx. 160 µm) except for the coating area (45 mm ×  45 
mm). The coating ink was poured onto one side of membrane and was 
cast upon it by a coating knife. After the catalyst layer was air dried, Tesa 
tape was removed from the membrane. Then, the membrane with catalyst 
layer was further dried at 60 ºC for 2 h.  

When coating ink was poured upon a wet membrane surface and then let 
dry at room temperature, the catalyst layer cracked into many pieces. By 
this process, MEAs were not formed. 

When coating ink was poured upon a dry membrane surface, 
immediately the membrane was swelling in the presence of IPA. When it 
dried, a discontinuous catalyst layer formed on top of membrane, but it 
could not be used as MEA. There exist two solutions for the problem. One 
is to make membranes resistible to IPA, the other is to prepare coating ink 
with aqueous solution.  
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3.5 Direct MEA formation in the test cell 
MEA was formed by directly placing GDEs, the pre-treated membrane 
and the sealing materials in a single measure cell. During operation, the 
GDEs would stick to the membrane surface and thus the MEA was 
formed in situ.  

Some membranes were pretreated by spraying 5% Nafion solution on 
both sides, and then it was dried at 130 ºC. Very thin Nafion dense layers 
formed on the surfaces of the LS membrane. Nafion loading was around 2 
mg/cm2. The Nafion layers on the membrane would help to improve 
contact between the membrane and the electrodes. Furthermore, the 
Nafion dense layers sealed the surface of the LS membrane and 
significantly reduced the risk of pin-holes. 

Several MEAs were formed by placing GDEs without Nafion sprayed and 
blank LS17 or Nafion-coated LS17. The results are presented as following: 

1. GDEs with Blank LS17: at 80 ºC, the open cell voltage (OCV) was 0.7 V, 
and methanol permeation was 94 mA/cm2.  

2. GDEs with Nafion-coated LS17: at 80 ºC, the OCV was 0.726 V. 
Methanol permeation was 83 mA/cm2.  

It can be noticed that the Nafion dense layer slightly reduced the 
methanol permeation and hence slightly increased the OCV. However, the 
above two cells did not give U-I performance when current was applied. 
It demonstrated that catalyst layer did not have enough contact with 
membrane surfaces. Then, we chose Nafion-sprayed GDEs and Nafion-
coated LS membranes to form MEAs although Nafion applied on top of a 
catalyst may reduce the active catalyst surface area [10]. 

 In this way, several MEAs were formed and listed in Table 4. 

 

Table 4.  MEA properties 

MEA Membrane Anode catalyst 
loading  [mg/cm2] 

Cathode catalyst 
loading  [mg/cm2] 

1 Nafion 117 2.70 2.01 

2 LS17 1.77 2.38 

3 LS17 2.76 2.11 

4 LS17 2.60 2.02 

5 LS12 1.78 2.30 
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3.6 Single cell performance and methanol permeability 

 
MEA1 – MEA5 were characterized in a test rig with a single titanium cell. 
The flow-field had a grid-structure. The channels were 1.0 mm deep, 1.0 
mm wide and spaced 1.0 mm from each other. The electrode area was 20 
cm2. The anode compartment was fed with 1.0 M methanol under 1.0 bar 
pressure, and the cathode compartment was fed with air under 1.5 bar 
pressure. The flow rates were 664 mlN/min of air at the cathode and 249 
ml/h of methanol solution at the anode. The operation temperature was 
80 ºC.  

Methanol permeating to the cathode was mostly oxidized directly on the 
cathode. In order to ensure complete conversion of permeated methanol 
to CO2, a catalytic converter was placed in the cathode exhaust. Then, the 
total CO2 in the cathode exhaust was measured by an IR-detector. The 
amount of CO2 enabled the amount of permeated methanol to be 
calculated and from this the current density that could have been 
generated was calculated (loss-current) [11]. Then the corresponding 
methanol permeability ( P , cm2/s ) was calculated as 

 

F
iJ methanol 6

=
                                                                                (5) 

 

methanolC
lJP ×

=
                                                                                  (6)   

 

where,  is Faraday constant, i  (A/cmF 2) is the current density,  
(mol/(cm

methanolJ
2s)) is the crossed methanol flux ,  l (cm) is the membrane 

thickness,  (mol/cmmethanolC 3) is the methanol concentration of the anode, 

which was consider as  mol/cm3100.1 −× 3 in our case. 

 
Figure 12 shows the loss-current density due to methanol crossover for 
MEAs based on LS membranes and Nafion 117. 



 
Hybrid lignosulfonate membrane (II): electrochemical characterization and fuel cell 
performance 
 

- 115 - 
 

0

50

100

150

200

250

0 10 20 30 40 50 60 70

Current density [mA/cm2]

Lo
ss

-c
ur

re
nt

 d
en

si
ty

 [m
A/

cm
2 ]

MEA1 MEA2 MEA3

MEA4 MEA5

Figure 12.  Loss-current density of MEA1 - MEA5. 

The loss-current densities for MEA1, MEA2 and MEA3 were about 210 
mA/cm2, 160 mA/cm2 and 140 mA/cm2, respectively. A high loss-current 
density means high methanol permeation. Using equation (5) and 
equation (6), we calculated the methanol permeabilities of three MEAs 
based on the loss-current density obtained at open cell condition. The 
methanol permeability of MEA3 based on the Nafion 117 membrane was 

 cm61090.4 −× 2/s, and that of MEA1 based on the LS17 membrane was 
cm61098.3 −× 2/s and that of MEA2 based on the LS12 membrane was 
 cm61045.2 −× 2/s. It was clear that MEAs based on the LS membranes 

showed lower methanol permeabilities comparing to the MEA based on 
Nafion 117. From this result we can also conclude that our lignosulfonate 
membranes can separate the anode and cathode reactants effectively. The 
porous structure is a closed pore structure as shown elsewhere [12]. 
Therefore the method taken during MEA-preparation to avoid pinholes as 
described above make these membranes very good separators in spite of 
their low density.  

Cell performance for MEA1 showed in Figure 13. At 300 mV, the current 
density is about 214 mA/cm2. The maximum power reached is about 68 
mW/cm2.   



 
 

Chapter 5 
 

- 116 - 
 

0

100

200

300

400

500

600

700

800

0 100 200 300

Ce
ll 

vo
lta

ge
 [m

V
]

0

10

20

30

40

50

60

70

80

C
el

l p
ow

er
 [m

W
/c

m
²]

Current density [mA/cm²]
 

Figure 13. Cell performance of MEA1. 
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Figure 14.  Cell performance of MEA2. 
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Figure 15.  Cell performance of MEA5. 

MEA2 and MEA5 (Figure 14 and Figure 15) show very similar 
performances in spite of the difference in membrane conductivity. This 
may be an indication of non-perfect proton transfer between Nafion-based 
catalyst layers and the LS-based membrane. At 300 mV, the average 
current density reached for MEA2 and MEA5 was around 42 mA/cm2. 
The maximum power obtained for both cases was of 12 mW/cm2, which 
was 5 times lower than Nafion based MEA1. This is because the 
conductivity of Nafion 117 is better than that of LS membranes and also 
Nafion has better contact with GDEs. 

We detached MEA2 in order to know better the contact between the 
electrodes and the membranes after the test. SEM images of the fresh 
membranes and detached electrodes are presented in Figure 16 and 
Figure 17. 

Figure 16 shows the film/bath surface of LS17 was denser with few 
nanopores, while the film/glass surface of LS17 was more porous with 
micropores.  

Figure 17 shows the detached anode and cathode from MEA2. The anode 
(Figure 17.b) appears surprisingly to be a porous structure on top of the 
catalyst layer, which demonstrated that during operation some region of 
the anode stuck tightly onto the film/glass surface of the membrane and 
chemically the PSU/LS blend was bonded to the catalyst layer including 
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Nafion layer. The cathode (Figure 17.a) does not present the porous 
structure because the film/bath surface is less porous, but the cathode 
surface seems to be smoother than the fresh prepared one (Figure 8). 
However, still large regions of the electrodes did not present such close 
contact with the membrane surfaces. Therefore, we think the low cell 
performance is mainly because of the bad contact when the membrane 
conductivities are not in big difference. 

 
    a       b 

Figure 16.  LS17 membrane surface before MEA (a: the film/bath surface, 
b: the film/glass surface). 

  
   a       b 

Figure 17.  Detached electrode surfaces (a: the cathode, b: the anode). 



 
Hybrid lignosulfonate membrane (II): electrochemical characterization and fuel cell 
performance 
 

- 119 - 
 

MEA 3 and MEA 4 (Figure 18 and Figure 19) showed reduced cell 
performance comparing to MEA2 although all of them were based on 
LS17. It may result from conductivity difference of membranes from 
different batches and also from the manual spray technique which 
resulted in inhomogeneous catalyst distribution as we concluded from the 
SEM-EDS images of the GDEs. Another reason may be the bad contact 
between the electrodes and the membranes as discussed above. 
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Figure 18. Cell performance of MEA3. 
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Figure 19. Cell performance of MEA4. 
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Although we did not test the life time of the LS-membrane-based MEA, 
MEAs have operated for over 60 h and have shown stable cell 
performance. This demonstrated that LS membranes are stable during the 
real cell test. Since membranes made of other aliphatic polymers have also 
been successfully tested under fuel cell conditions [13], it is reasonable to 
assume that Lignosulfonate membranes are sufficiently stable under 
DMFC conditions. 

 

4  Conclusions 
This research has focused on the electrical and electrochemical 
characterization of lignosulfonate membranes for Direct Methanol Fuel 
Cells and MEAs based on them. Our swelling experiments showed that 
porous LS membranes took up water into their pores but did not swell in 
water. Their dimensional stability in water is an advantage to be used in 
the DMFC. Impedance analysis showed that LS membranes were more 
resistant than Nafion 117, which is mainly because of their low IEC. In fact, 
considering the low IEC, the proton conductivity is remarkably high, so 
the lignosulfonate in the blend must have a steric distribution which is 
favorable for proton transport. 

 

MEAs were successfully formed in the single cell build-up. The current 
density at 300 mV was about 42 mA/cm2, which was 5 times lower than 
that of MEA based on Nafion 117. Membrane resistance plays a crucial 
role in cell performance. The methanol permeability of LS-based MEA 
was lower than that of Nafion 117-based MEA. LS-based MEA was stable 
for 60 hours in the test condition. 

 

As a new type of membrane for DMFC, LS membranes still require 
further investigation if they are to perform as well as the more expensive 
Nafion membranes. Especially the membrane preparation process has to 
be improved in order to obtain membranes with higher IEC and higher 
conductivity. In spite of the high porosity and high water uptake these 
membranes show very low methanol permeability, making them highly 
promising candidates for further development. MEA preparation should 
also be investigated in the future if cell performance is to be improved.  
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Conclusion 
 

 
We have successfully completed the three objectives of the thesis.  

  

1. Several novel proton exchange membranes were prepared 
through different techniques. In general, PEG composite 
membranes, PA composite membranes and LS hybrid 
membranes showed lower methanol permeability than Nafion 
117. Optimal LS hybrid membranes (with very low IEC) showed 
acceptable conductivities as we expected which were 10 – 20 
mS/cm, which suggested LS was incorporated into the 
membrane with sterical favourite for proton transport.  LS proved 
to be a good proton conducting material, which indicate an 
economic and efficient way to prepare proton exchange 
membranes. 

2. SEM and AFM were used as the main characterization methods 
to reveal the correlation of membrane morphology with its 
transport ability. The results suggested that the PEG composite 
membrane proton transport is dominated by the hopping 
mechanism, whereas the PA composite membrane proton 
transport is dominated by the acid – base (polysalt) mechanism. 
The lowest mass transport resistance was found for PEG loading 
of 4.65 mg/cm2. When 20 wt.% of LS was trapped in the PA skin 
layer, the resulted membrane showed better selectivity of proton 
to methanol.   The hopping mechanism also is for LS membranes.  
The optimal temperature of the casting solution was 35 ºC, the 
optimal precipitation temperature was 15 ºC. High LS content in 
the dry membrane yielded high proton conductivity.  

 - 123 - 



The future work should focus on the membrane proton 
conductivity. We suggest using some other host polymers such as 
heterocyclic polymers which may be more compatible with LS so 
that the resulted membrane will have higher IEC. In this case, the 
acid-base mechanism will improve the proton selectivity. 

3. MEAs based on novel LS membranes were successfully formed in 
the single cell build-up. The current density at 300 mV was about 
42 mA/cm2, which was 5 times lower than that of MEA based on 
Nafion 117 membrane. The methanol permeability of LS-based 
MEA was lower than that of Nafion 117-based MEA. LS-based 
MEA was stable for 60 hours in the test condition. From these 
preliminary results we concluded that the LS porous membranes 
could be used in direct methanol cells.  

To improve the contact between the membrane and the electrodes, 
further optimization of MEA conditions is required.  
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Appendix A 
 
 
 

“Experimental and Computational Study of Proton and 
Methanol Permeability through Composite Membranes”, 
Journal of Power Sources, 145 (2005) 223 
 
Corresponds to Chapter 3.  
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Abstract

To design direct methanol fuel cells, proton permeability and methanol crossover have to be evaluated. A study of the transport of methanol
and protons through composite membranes of poly(ethylene glycol) (PEG) and polysulfone (PSf) was performed and permeabilities of these
components were determined. PSF was treated with dilute sulfuric acid to enhance hydrophilicity. PEG was found to be a good material for
the active layer, because it contains OH hydrophilic groups which combine with hydrated protons. A composite membrane made of 15 wt.%
PSf and 40–50 wt.% PEG showed a lower methanol crossover (1.0E−06 cm2 s−1) than the commercial reference NAFION® 117. Maximal
proton conductivity is also lower than NAFION® 117. A mathematical deterministic model, considering transport by diffusion through the
composite membrane and equilibrium at the membrane–reservoir interfaces, was derived. However, the PEG layer did not present any pores
and diffusion in the dense membrane was estimated using a transport probability. On the other hand, the porous PSf layer required an effective
diffusivity that is a function of physical properties such as porosity and tortuosity. The contribution made by each mass transfer phenomenon
to the total permeation was calculated by an association of mass transfer resistances.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Composite membranes; Permeability; Mathematical model

1. Introduction

Fuel cells, composed of an anode, a membrane and a cath-
ode, can be used to generate energy by oxidation of either hy-
drogen or methanol. To take maximum advantage of the fuel,
a membrane is needed to conduct protons and avoid methanol
crossover.

The most representative kinds of fuel cells are the proton-
exchange membrane fuel cell (PEMFC) and the direct
methanol fuel cell (DMFC), which use proton-conducting
membranes [1]. DMFC is more interesting than PEMFC, be-
cause its theoretical potential is higher [2], and because it
allows simple liquid handling. Also, as PEMFC operation is
based on the supply of hydrogen, the management of wa-
ter generated is very important. This is not an issue with

∗ Corresponding author. Tel.: +34 977 55 96 11; fax: +34 977 55 85 44.
E-mail address: ricard.garcia@urv.net (R. Garcia-Valls).

DMFC, which already has a liquid phase. On the porous
anode, electrochemical oxidation of the methanol occurs to
produce carbon dioxide, protons and electrons. The protons
diffuse through the membrane to the cathode side, where they
react with the oxygen to produce water.

The most used membranes for DMFC are the perfluo-
rinated sulfonated NAFION® membranes of DuPont, due
to their chemical stability, high conductivity and high per-
meability to protons. However, these membranes also al-
low methanol to permeate, which reduces the efficiency
of the electrochemical process, increases fuel consumption
and damages the own cells. This phenomenon is known as
methanol crossover. Several authors have reported the fac-
tors behind it, including cell temperature, cathode pressure,
methanol concentration and catalyst morphology [3,4].

Many alternative membranes for DMFC are under investi-
gation in the following four aspects: the primary structure of
the polymer, the morphology of the polymer, the nature of the

0378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.01.074
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Nomenclature

A membrane area (cm2)
C concentration (gmol cm−3)
d pore diameter (cm)
D diffusivity (cm2 s−1)
e elementary charge
kB Boltzmann’s constant
kj mass transfer coefficient on the

membrane–reservoir j interface (cm s−1)
L membrane thickness (cm)
p number of pores of different diameters
P permeability (cm min−1)
Q volumetric permeate flow (cm3 min−1)
S selectivity for proton transport
t time (s)
T temperature (K)
Vj volume of reservoir j (cm3)
x axial position (cm)
z non-dimensional axial position (cm cm−1)
Z total ionic strength (ion m−3)

Greek symbols
αj mass transfer at reservoir j–membrane inter-

face
ε porosity
θ non-dimensional time
μ time factor
πj mass transfer number at reservoir j–membrane

interface
τ2 tortuosity
ϕ non-dimensional concentration
Ψ transport probability on dense layer

Subscripts
0 initial, for concentrations, or infinite dilution

diffusion coefficient
c calculated through simulations
D diffusive
e experimental
f feed
H+ proton
L liquid
MeOH methanol
PEG poly(ethylene glycol) layer
PSf polysulfone layer
s stripping

acid group, and the nature of the medium within the polymer
matrix [5]. Other membranes have been tested and results
of these tests have been compared to those with NAFION®

[6–8]. A better ratio between conductivity and methanol per-
meability has been reported. Much attention is given to poly-
sulfone (PSf), poly(ether ketones) and poly(benzimidazole).

PSf is the simplest of these polymers and the morphologies
of its membranes have been well characterized. Sulfonation
is an efficient way to activate polysulfone in proton perme-
ability. There are two methods for obtaining proton-selective
PSf membranes: one is to introduce anionic moieties into a
performed solid membrane [9]. The other is to introduce an-
ionic moieties into a polymer as a kind of modification, then
to dissolve of the polymer and cast it into a film [10]. The sec-
ond method is more complicated from an industrial point of
view, and the sulfonated polysulfone itself cannot perform as
a membrane with enough physical strength. The first method
is industrially easier. The treatment is with sulfuric acid, and
this does not change the physical strength of a performed
polysulfone membrane.

To reduce the methanol crossover, the dense layer may
serve as a barrier for methanol, and at the same time may
facilitate the proton transport. PEG is a kind of polymer that
is widely used in many fields. For example, it is used as a
lubricant and as a preservative for conserving archaeological
materials, because it is reasonably inexpensive and compati-
ble with many organic materials. In biosensors, PEG is pre-
sented as “hydrogel” [11] to immobilize enzyme or protein
on the carbon electrode surface and transport electrons. PEG
is therefore used as a proton-selective layer.

For the reasons outlined above, the asymmetric PSf mem-
brane was chosen as support and treated by thermal sulfona-
tion to improve its proton conductivity. A PEG dense layer
was then produced on top of PSf support.

Despite the interest in DMFCs, only a little effort is be-
ing made to propose mathematical modelling comprising the
mass transfer mechanism through the membrane [6,12]. Most
studies apply an empirical adjustment to the membrane and
predict the electrochemical potential generated. Tradition-
ally, diffusivities through membranes are determined with-
out taking into account mass transfer coefficients at the
membrane–reservoir interfaces. In the case of composite
membranes, a global coefficient is calculated, and the dif-
ferent layers are not mathematically treated separately.

We have measured the permeability of protons and
methanol in membranes comprising a dense layer of
poly(ethylene glycol) (PEG) and a porous layer of poly-
sulfone (PSf). The equilibrium cell comprised a feed reser-
voir, the composite membrane, and a stripping reservoir.
Our results are expressed in terms of diffusivity. We fed
our data to a mathematical model that considered trans-
port by diffusion through the membrane and equilibrium at
the feed–membrane and membrane–stripping interfaces. We
then determined diffusivity for each layer was then deter-
mined using mass transfer resistances.

2. Methods

The system used in this study comprised a feed reser-
voir, a composite membrane and a stripping reservoir. The
PEG layer of the composite membrane faced the feed reser-
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voir, and the PSf layer faced the stripping reservoir. A solu-
tion of known pH or methanol concentration is fed into the
feed reservoir and the protons or methanol molecules perme-
ate through the membrane, reaching the stripping reservoir,
where the concentration is measured. It is possible then to
calculate permeability for the components studied. To study
permeability with this equilibrium-diffusion model, we need
to:

• prepare the membrane and collect the experimental data,
• determine the experimental diffusivity,
• determine the proton, methanol and membrane properties,

such as the molar volume of each component, and the
porosity and tortuosity of the membrane,

• determine the proton and methanol diffusivities by corre-
lations with the literature,

• develop an equilibrium model, to obtain transient data on
concentration for each reservoir,

• associate mass transfer resistances, to evaluate the effect
of each transport coefficient on experimental diffusivity,
and

• calculate the selectivity of proton transport at the
membrane–reservoirs interfaces and through the mem-
brane.

2.1. Preparation of the membranes and experimental
data

A polysulfone casting solution was prepared by dis-
solving 15 wt.% PSf (MW: 16,000, Aldrich) in N,N-
dimethylformamide (DMF) with vigorous agitation for 12 h
at room temperature. The solutions were cast onto a glass
plate using a 200 �m thick casting knife, then precipitated
in 15 wt.% DMF solution and/or water. The PSf membranes
were then taken from the bath and rinsed with distilled water.
The PSf membranes obtained were kept at 80 ◦C in 0.25 M
H2SO4 aqueous solution for 3, 24 and 72 h. Excess acid on
the surface was removed by a short rinse of water. The mem-
branes were then placed in an oven at 80 ◦C for 1 h. These
thermally treated membranes were then soaked in distilled
water and rinsed daily until the pH of the rinsed water was
neutral.

Usually sulfonation process requires using strong acids.
However, in the present work the degree of sulfonation is
not under investigation. The treatment of the PSf with di-
lute sulfuric acid aims enhancing proton permeability by in-
creasing hydrophilicity of the membrane. Indeed, preliminary
experiments using blank PSf membranes (not treated with
H2SO4) provided a proton diffusivity of 10−12 cm2 s−1. On
the other hand, after sulfonation, proton diffusivity increased
to 10−11 cm2 s−1.

Wax-like PEG (MW 1000, from Aldrich) was dissolved
in methanol at several concentrations (5, 10, 20, 30, 40, 50,
60, 70 and 80 wt.%). The solution was deposited onto the top
surface of support PSf membranes. The PEG-covered PSf
membranes were placed in an oven to cross-link at 80 ◦C

for 30 and 60 min, and the composite membranes were then
stored in water before use. For biosensors, often PEG film is
dried overnight at room temperature to cross-link [13]. In the
case studied here the PEG film was dried at 80 ◦C to avoid
the membrane to peel off in DMF solutions.

Experiments to evaluate proton and methanol permeabil-
ity were carried out by using a testing cell, consisting of two
reservoirs separated by a composite membrane with a dense
layer of poly(ethylene glycol) and a porous layer of polysul-
fone. The transversal area of tested membranes was 8.51 cm2

and both reservoirs (that of the feed solution and that of the
stripping solution) had a volume of 200 cm3. To measure pro-
ton permeability the feed reservoir was filled with a solution
of HCl 1.0 M. Also, to evaluate methanol crossover a 1.0 M
solution of methanol was used. Experimental data were the
initial feed concentration Cf (methanol concentration, in M,
or pH) and the initial stripping concentration C0. The strip-
ping concentration was also plotted against time.

The permeability coefficient P (cm min−1) was calculated
according to Eq. (1):

−ln
Cf

C0
= QP

Vf
t (1)

Permeability was then multiplied to membrane thickness
(95 �m) to obtain diffusivity (cm2 s−1). Proton conductiv-
ity was obtained by using the Nernst–Einstein equation [14]
as follows:

σ = DZe2

kBT
(2)

2.2. Determination of porosity and tortuosity

Important properties in mass transfer through porous me-
dia are porosity and tortuosity. In the case of tortuosity, dif-
fusion is more difficult when the pore geometry is irregular.
The diffusion mechanisms for transient and steady states are
different. In the transient state, the component tends to dis-
tribute itself homogeneously for the whole solid matrix, even
reaching pores that are blocked at any of the extremities. Once
the system reaches steady state, there is preferential diffusion
through the sections with a concentration gradient, which is
the driving force for diffusion. Therefore, transport does not
occur in blocked pores. To make calculations easier, we de-
cided to determine tortuosity for the steady state, by a model
that considers a porous medium as an association of pores of
different diameters [15]. If we consider pores to be spheres,
steady-state tortuosity may be written as in Eq. (3):

τ2 =
p∑

i=1

1

di

∑p
i=1d

3
i(∑p

i=1di

)2 (3)

After comparing effective diffusivity and binary diffusiv-
ity coefficients for various compounds, some authors [16]
have reported that expression for tortuosity should be a func-
tion of the transported molecule structure, since cyclic and
acyclic compounds have different preferential paths within
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Fig. 1. Equations for the feed–membrane–stripping equilibrium model.

the porous media. In our study, however, the size of trans-
ported molecules is small enough to assume there are no
significant differences in transport.

By digitally treating data from scanning electron mi-
croscopy, the pore size distribution of the polysulfone (PSf)
layer [17] can be evaluated. Then, tortuosity can be calculated
by applying Eq. (3). Porosity, on the other hand, is the ratio
of the total volume of pores to the volume of the membrane.

2.3. Feed–membrane–stripping equilibrium model

As a first approach, the system can be modelled just by
considering the diffusive transport through the membrane,
which is made up of a single polymeric layer. Fig. 1 shows
the model equations, which consist of a partial differential
equation, describing the change in concentration through
the membrane, and an ordinary differential equation of each
reservoir.

Our experimental data are the initial feed concentration
and the stripping concentration varying on time. Data are
collected and converted into stripping non-dimensional con-
centrations according to time. By comparing both stripping
concentrations (simulated and experimental), it is possible
to find the μ parameter, which relates the thickness of the
membrane to the diffusivity.

We can reduce the complexity of the numeric system,
which is made up of one partial differential equation (PDE)
and two ordinary differential equations (ODEs), by applying
finite differences. The decision on how many elements are
necessary to do the simulations is based on calculated er-
rors and required calculation time. For a hypothetic situation
in which the volumes of the membrane and both reservoirs
are equal, the equilibrium concentration should be one third
of the initial concentration at the feed reservoir. Choosing
25 ODEs may be then justified, since a very accurate solu-
tion can then be provided (less than 1.5% error) in a short
simulation time (less than 6 min), when the simulations are

Fig. 2. Association of mass transfer resistances.

performed in a Pentium IV of 2.66 GHz with 256 MB RAM
for 10,000 time iterations.

2.4. Association of mass transfer resistances

Mass transfer may be seen as a series of resistances, as
in Fig. 2. Experimental diffusivity can be evaluated using a
single parameter model. According to this approach, a com-
posite membrane should have two diffusivities – one for each
layer, as expressed by Eq. (4):

L

De
= L1

D1
+ L2

D2
(4)

The literature reports several correlations for diffusivities
and describes their relative advantages and disadvantages.
To calculate diffusivities in liquids, the Wilke–Chang
equation [18,19] provides acceptable data, while proton
diffusivity can be determined from the Nernst–Haskell [19]
equation, which is more suitable to transport of ions. To
apply the Wilke–Chang equation we needed to calculate the
molar volumes, which were determined according to the
Le Bas rule. However, liquid diffusivity must be corrected,
depending on the medium considered. For a composite
membrane, one proposal is

D =
⎧⎨
⎩

DLΨ → 0 < z ≤ LPEG,

DL
ε

τ2 → LPEG < z ≤ L
(5)

When transport occurs through the poly(ethylene glycol)
(PEG) layer, liquid diffusivity is multiplied to the probability
of the molecule passing through the molecules. In the porous
polysulfone (PSf) layer, effective diffusivity is the product of
liquid diffusivity and the ratio of porosity to tortuosity. Both
porosity and tortuosity, on the other hand, can be estimated
by analysing the membrane with electron microscopy.

One way to find transport probability may be to assume
an association of resistances for the composite membrane, as
shown in Fig. 2. Using Eq. (5), experimental diffusivity can
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Table 1
Equations used to determine proton selectivity

Membrane or layer Proton selectivity

Membrane, experimental (8)Se = De,H+
De,MeOH

Membrane, calculated (9)Sc = Dc,H+
Dc,MeOH

PEG layer (10)SPEG = DL,H+ ΨH+
DL,MeOHΨMeOH

be rewritten as in Eq. (6):

L

Dc
= 1

DL

[
LPEG

Ψ
+ L − LPEG

ε
τ2

]
(6)

Therefore, if we accept that the solutions are dilute, we can
establish a relationship between the experimental data and
the simulation parameters, i.e. the transport probability and
coefficients (Eq. (7)):

L

De
= 1

ks
+ 1

kf
+ 1

DL

[
LPEG

Ψ
+ L − LPEG

ε
τ2

]
(7)

The mass transfer coefficients should be properly correlated
to the chemical structure of the membrane, since they are
interpreted as interaction parameters. However, for the first
approach, we will assume the film mass transfer theory. Ac-
cording to this theory, the interfacial mass transfer coeffi-
cients are directly proportional to diffusivity and inversely
proportional to boundary layer thickness [20].

2.5. Selectivity for proton transport

Once the experimental and calculated diffusivities and the
mass transfer coefficients are obtained, the selectivity can be
calculated for proton transport at the membrane–reservoirs
interfaces and through the membrane. Table 1 lists the proce-
dures for determining selectivities. Eqs. (8)–(10) in this table
can be used to analyse each transport process separately and
evaluate selectivity for different membrane compositions.

3. Results and discussion

In this section we present our experimental results and the
data obtained from simulations.

3.1. Physico-chemical properties

By analysing the membrane using electron microscopy
and the equations in Section 2, we determined porosity and
tortuosity for the polysulfone layer. Table 2 lists the average
data for the membranes, the thickness of both layers, ex-
pressed in micrometers and the diffusivities calculated from
Wilke–Chang (for methanol) or from Nernst–Haskell (for
protons, in this case considered as HCl molecules) theories.
Although thickness of PEG layer may vary according to the
PEG content in the casting solution, we assumed an average
value of 1 �m for all membranes. Tortuosity shows that the

Table 2
Physico-chemical and geometric data

Property Value

L (�m) 95.00
LPEG (�m) 1.00
A (cm2) 8.51
ε 0.13
τ2 1.04
DMeOH (cm2 s−1) 1.70E−05
DH+ (cm2 s−1) 3.33E−05

membrane structure was well represented by a sequence of
straight channels, because the value was not far from 1.0.

3.2. Experimental data

The membranes were placed in the equilibrium cell be-
tween the feed and the stripping reservoirs, and the concen-
tration (for methanol crossover experiments) or pH (for pro-
ton permeability experiments) was measured. Initial feed pH
in all experiments was 0.12.

We made preliminary experiments using NAFION® 117.
Methanol crossover of 2.54E−06 cm2 s−1 was obtained, in
perfect agreement with values available in the literature [21].
Proton diffusivity was 9.54E−06 cm2 s−1. Therefore, by us-
ing Nernst–Einstein equation, diffusivity was converted to
proton conductivity (71.80 mS cm−1).

Composite membranes used had a polysulfone (PSf) (15%
PSf–water) porous layer covered by a PEG layer. Diffusivi-
ties are presented in the Fig. 3. Proton permeation presents a
maximum for a membrane with 50 wt.% of PEG in the casting
solution. On the other hand, maximal methanol crossover for
composite membranes is less than a half of the value obtained
using NAFION® 117. Data of proton conductivity (Fig. 4) of
composite membranes may help assessing if they are appro-
priated for fuel cells. Proton conductivity for the composite
membranes is still too low if compared to NAFION® 117.

Fig. 3. Experimental diffusivities for proton and methanol.
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Fig. 4. Correlated proton conductivity, compared to value obtained using
NAFION® 117 (71.8 mS cm−1).

3.3. Determination of transport probability

From the association of mass transfer resistances we di-
vided our experimental results for diffusivity into the several
factors that contribute to its value. In this section, we analyse
transport probability (see Fig. 5), which shows the change in
the transport probability of protons and methanol through the
dense layer, depending on the content of PEG in the casting
solution.

We used the equilibrium model to calculate the transport
probability from our experimental data. Simulations were
performed in FORTRAN as follows:

1. Experimental concentrations were converted into
non-dimensional concentrations varying (in terms of
dimensional time), according to the equations presented
in Section 2.

2. Interfacial mass transfer coefficients were set to 1 (case
of low external mass transfer resistance).

3. Simulation was performed until the calculated non-
dimensional concentrations (in terms of non-dimensional
time) reached the maximum values of the experimental
non-dimensional concentrations of the stripping solution.

4. Experimental and simulated non-dimensional concen-
trations were compared and the values of the calculated
diffusivities were found.

Fig. 5. Transport probabilities for protons and methanol obtained through
the equilibrium model.

Table 3
Proton selectivity

wPEG (wt.%) Se Sc SPEG

5 0.570 0.663 0.608
10 3.210 3.289 3.877
20 4.094 4.132 5.372
30 2.542 2.554 3.227
40 2.714 2.606 3.872
50 3.349 3.232 8.807

5. The transport probabilities were calculated from the corre-
lation between experimental and calculated diffusivities.

Fig. 5 compares the transport probabilities for protons and
for methanol, determined by the equilibrium model. The PEG
content in the casting solution determines the number of ac-
tive sites that are responsible for the mass transfer. The trans-
port probability for protons increased significantly when the
PEG content increased from 10 to 50 wt.% and reached a
maximum at this composition. Thereafter, the probability de-
creases, because the amount of PEG in the casting solution
also helped to block any transport paths. This was because, in
the dense layer, transported molecules had to pass in the free
spaces between molecules. The more concentrated was the
casting solution, the fewer the free spaces there were when
the solvent was evaporated and the PEG layer was formed.
This effect of maximum can also be seen by analysing the fit
of the transport of methanol. In this case, probabilities were
much lower, because:

• the molecules of methanol are much bigger than protons,
so there is less space between PEG molecules is reduced
for such component,

• fewer molecules of methanol are transferred by electronic
effects than protons.

Transport probabilities could be estimated in a first attempt
as the ratio of the molecule size to free volume in the polymer
cell size. If there was a correlation between the PEG content
in the casting solution and the polymer conformation, the
transport probabilities of any molecule, once its molar volume
had been calculated, could at least be estimated in order to
design a membrane to separate one of two components or,
as in the present case, to allow protons to flow and avoid
methanol crossover.

As mentioned in Section 2, we can also use these results to
calculate proton selectivity (see Table 3). Whether calculated
directly from experimental data or indirectly by applying the
equilibrium model, selectivity was maximum for a membrane
with 20 wt.% of PEG in the casting solution. This property
could also be calculated for the PEG layer. This was maxi-
mum for 50 wt.%, which shows that selectivity may increase
if another support layer is used.

From these results, we calculated the relative resistance
of each mass transfer phenomenon to the experimental dif-
fusivity. See Fig. 6 for data on protons and Fig. 7 for
data on methanol. The resistance to the permeation of pro-
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Fig. 6. Relative contribution of each mass transfer phenomenon to total
resistance to permeation of protons.

Fig. 7. Relative contribution of each mass transfer phenomenon to total
resistance to permeation of methanol.

tons of the PSf layer was maximum when the PEG con-
tent in the casting solution was 50 wt.%. When we evalu-
ated the methanol crossover, we found that the resistances
of the two layers were almost equal at this composition.
When membrane–reservoirs equilibrium was instantaneous,
the mass transfer resistance at both interfaces could be as
much as 10%, which confirms that this effect must be taken
into consideration when simulating membrane permeation.
It is important to evaluate mass transfer coefficients because
they govern equilibrium at membrane–reservoir interfaces
and also promote the transport through the membrane by in-
creasing chemical potential. Mass transfer coefficients rep-
resent the relative affinity of the membrane for a given com-
ponent and may be used to recommend optimal materials.

4. Conclusions

In this study we aim to contribute to the phenomenological
knowledge of the permeation transport processes occurring
in a fuel cell, by identifying the dominant mechanisms and
contributions to permeability of mass transfer phenomena.
The permeation of protons and methanol through composite
membranes provided data for modelling. The main conclu-
sions of this study are:

• The composite membranes tested provided a lower
methanol crossover than NAFION® 117. As this happens

also for proton permeation, more materials should be tested
in order to manufacture a fuel cell with better performance.

• Transport probabilities for protons and methanol were
maximum for the membrane whose casting solution had
50 wt.% of PEG. For higher PEG contents, there may be
less free space for transport in the dense layer, so transport
probability decreased.

• Overall selectivity is maximum for a membrane with
20 wt.% of PEG in the casting solution. However, this
value was higher when only the PEG layer was consid-
ered, which indicates that selectivity may be enhanced if
another support layer is used.

• When evaluating the resistance of the different mass trans-
fer phenomena, the PEG layer had the lowest resistance
when the casting solution had 50 wt.% of PEG. Choosing
a suitable porous support may reduce total mass transfer
resistance and increase overall selectivity.

• Even if we consider instantaneous membrane–reservoirs
equilibrium, the interfacial mass transfer resistance may
represent 12% of the total mass transfer resistance.

At the moment, this model only takes into account the
diffusive processes. However, in the values of diffusivity ob-
tained through simulations other effects, like complexation
reactions or hopping, may appear. Physico-chemical interac-
tions of the membrane with the transported species should
also be considered, for example by the Enskog–Thorne the-
ory.

Once the transport phenomena have been evaluated, we
can derive a phenomenological model for the whole fuel cell,
including the kinetics of methanol oxidation. Unlike those
already published, this model will not treat the membrane as
a black box and will not depend exclusively on experimental
data. It can therefore also recommend materials for a better
fuel cell performance.
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Abstract

Two sets of composite membranes having an asymmetric sulfonated polysulfone membrane as support layer have been obtained and
electrically characterized (membranes SPS–PEG and PA–LIGS). The skin layer of the membrane SPS–PEG contains different percentages
of polyethylene glycol in the casting solution (5, 25, 40, and 60 wt%), while lignosulfonate was used for manufacturing PA–LIGS membranes
(5, 10, 20, and 40 wt%). Membrane electrical characterization was done by means of impedance spectroscopy (IS) measurements, which were
carried out with the membranes in contact with NaCl solutions at different concentrations (10−3 � c(M) � 5 × 10−2). Electrical resistance
and equivalent capacitance of the different membrane samples were determined from IS plots by using equivalent circuits as models. Results
show a clear decrease in the membrane electrical resistance as a result of both polysulfone sulfonation and the increase of the concentration
of modifying substances, although a kind of limit concentration was obtained for both polyethylene glycol and lignosulfonate (40 and 20%,
respectively). Results also show a decrease of around 90% in electrical resistance due to polysulfone sulfonation, while the value of the
dielectric constant (hydrated state) clearly increases.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Sulfonated polysulfone membranes; Polyethylene glycol; Lignosulfate; Thermal treatment; Impedance spectroscopy; Equivalent circuits

1. Introduction

Membrane separation systems are currently employed in
different industrial fields, mainly those related to the use of
pressure and concentration gradients (ultrafiltration, nanofil-
tration, or reverse osmosis and dialysis or hemodialysis, re-
spectively), but those associated with an electrical potential
gradient (electrodialysis) are also well established nowa-
days [1–3]. Moreover, new membrane applications such as
fuel cells must be considered, due to their industrial interest
importance [4]. It is clear that the structure of membranes
and the materials used in such diverse kinds of separation

* Corresponding author. Fax: +34-952-132382.
E-mail address: j_benavente@uma.es (J. Benavente).

processes, as well as the characterization techniques, have
to be rather different. In fact, to predict the membrane per-
formance under pressure differences, it is often necessary
to know the mean pore size and pore size distribution, or
membrane (active layer) thickness and salt rejection [5–9].
However, for processes directly related to the transport of
charged species, membrane electrical parameters such as
ion transport numbers, bulk and surface charge concentra-
tion, and membrane resistance (or conductivity) are para-
meters of major interest [10–13]. On the other hand, with
respect to membrane materials, polyamide, polysulfone, and
regenerated cellulose are polymers commonly used in sep-
aration under pressure and concentration gradients [1,2,7,
11], while sulfonated polymers are used as cation-exchange
membranes in electrolysis and electrodialysis cells [14,15].

0021-9797/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2004.11.051
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As a result of the need for new membranes for emerging
applications, the synthesis of new materials (or the modifi-
cation of some of the known polymer) must be considered,
in order to improve the membrane behavior for a specific
use. Sulfonated polymers have also recently gained impor-
tance as materials for fuel cell membranes, where a strong
demand has arisen for polymer electrolytes [16].

The purpose of this work is the evaluation of changes in
the electrical resistance of two sets of modified sulfonated
polysulfone membranes. Membrane modification consists in
the addition of different percentages of polyethylene gly-
col (PEG) or lignosulfonate (LIGS), respectively. The rea-
sons to choose these polymers are related to the possibil-
ity of facilitating the transport of ions (particularly pro-
tons) across the membranes, which could be of interest in
the application of the membranes in fuel cell systems. In
this context, it should be mentioned that lignosulfonate is
a highly anionic polymer consisting of a complex mixture
of small to moderate-sized polymeric compounds with sul-
fonate groups attached to the molecule, which can affect the
proton transport across lignosulfonated–polysulfone mem-
branes, while polyethylene glycol is a polymer widely used
in many fields, since it is compatible with many organic
materials; it presents as a hydrogel and can be used as a
proton-selective layer [17,18]. Membrane electrical resis-
tance was determined from impedance spectroscopy (IS)
measurements, which were carried out with the membranes
in contact with NaCl solutions at different concentrations.
IS measurements enable us to obtain information about the
different sublayers of heterogeneous systems (such as those
formed by membrane/electrolyte solutions) by means of the
impedance plots, using equivalent circuits as models, in or-
der to correlate the different circuit elements with the struc-
tural/transport properties of the system [19–22].

2. Theory

Impedance spectroscopy is an ac technique for electri-
cal characterization of materials and interfaces based on

impedance measurements carried out over a wide range of
frequency (10−6–109 Hz). In fact, one of the most impor-
tant features of IS comes with the development of a direct
correlation between the response of a real system and an
idealized model circuit composed of discrete electrical com-
ponents [23].

When a linear system is perturbed by a small v(t) volt-
age, its response, the electric current i(t), is determined by
a differential equation of nth order in i(t), or a set of n dif-
ferential equations of the first order. If v(t) is a sine-wave
input, the current intensity i(t) is also a sine wave,

v(t) = V0 sinωt,

i(t) = I0 sin(ωt + φ),

where V0 and I0 are the maximum voltage and intensity; ω

and φ are the angular frequency and the phase angle, respec-
tively. Thus, a transfer function, the admittance function, can
be defined: Y ∗(ω) = |Y(ω)|ejφ . The inverse of the admit-
tance is the impedance function: Z∗(ω) = [Y ∗(ω)]−1. Since
both the amplitude and phase angle of the output may change
with respect to the input values, the impedance is expressed
as a complex number.

Phenomenologically, a resistance (R) represents the dis-
sipative component of the dielectric response, while a capac-
itance (C) describes the storage component of the material.
The overall admittance of a parallel (RC) circuit is given by
the sum of conductance and capacitance contributions,

(1)(1/Z∗) = (1/R) + (jωC).

The complex impedance can be separated into real and
imaginary parts by algebraic rules:

Zreal = (
R

/[
1 + (ωRC)2]),

(2)Zimg = −(
ωR2C

/[
1 + (ωRC)2]).

Analysis of the impedance data is often carried out by the
complex plane Z∗(ω) method using the Nyquist plot (−Zimg
vs Zreal). The equation for the parallel (RC) circuit gives
rise to a semicircle in the Z∗(ω) plane such as that shown
in Fig. 1a for an electrolyte solution (NaCl); the semicir-
cle has intercepts on the Zreal axis at R∞ (ω → ∞) and

Fig. 1. Impedance plots and equivalent circuit for an electrolyte solution, c = 0.002 M NaCl. (a) Nyquist plot; (b) Bode plot.
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R0 (ω → 0), (R0 − R∞) being the resistance of the sys-
tem. The maximum of the semicircle equals 0.5(R0 − R∞)

and occurs at such a frequency that ωRC = 1, RC = τ being
the relaxation time [24]. The Bode plot (−Zimg vs f ) allows
the determination of the frequency interval associated with
each relaxation process. As can be seen in Fig. 1b, for an
electrolyte solution a unique relaxation process at frequen-
cies ranging between 105 and 107 Hz (with the maximum
frequency around 106 Hz) can be observed, while at low
frequencies (10 � f (Hz) � 103) electrode/electrolyte inter-
action is observed.

Membranes in contact with electrolyte solutions are het-
erogeneous systems consisting of two subsystems with dif-
ferent dielectric properties. In such cases, two or more differ-
ent semicircles can exist, which are associated with the dif-
ferent relaxation processes taking place in the system [24].
Moreover, complex systems present a distribution of relax-
ation times, and the resulting plot is a depressed semicircle;
thus, a nonideal capacitor or constant phase element (CPE),
which is related to bulk and interfacial inhomogeneities of
the system, must be considered [25,26]. The impedance for
the CPE is expressed by [24]

(3)Q(ω)∗ = Y0(jω)−n,

where the admittance Y0 = R0τ
−n
0 is a real parameter (0 �

n � 1); in these cases, an equivalent capacitance (Ceq) can
be determined [27]: Ceq = (RY0)

(1/n)/R. When n = 0.5, the
circuit element is called a Warburg impedance, W , and is
associated with a diffusion process according to Fick’s first
law.

Impedance spectroscopy data allow the determination
of the membrane electrical resistance and capacitance, and
from these results membrane geometrical parameters can
also be determined [20,28,29]. Symmetric dense membranes
(or the dense active sublayers of composite membranes) can
be considered as plane capacitors [20,30],

(4)C = ε0εrS/�xm,

where ε0 is the permittivity of vacuum and εr the relative di-
electric constant of the membrane; S and �xm are the mem-
brane surface and thickness, respectively. The dielectric con-
stant of a dense symmetric membrane can be estimated from
the capacitance value if the membrane thickness is known
[29,30]. In the case of composite membranes (two-layer sys-
tems), formed by a dense active layer and a porous and thick
support, Eq. (4) allows the estimation of its thickness from
capacitance results if a certain value for the dielectric con-
stant is assumed [30].

3. Material and methods

3.1. Materials

Two sets of asymmetric composite membranes having
a sulfonated polysulfone membrane as support layer have

been obtained and characterize (membranes SPS–PEG and
PA–LIGS). The skin or active layer of SPS–PEG mem-
branes contain different percentages of polyethylene glycol
(PEG), while lignosulfonate was used for the manufactur-
ing of asymmetric polyamide PA–LIGS samples. Membrane
preparation and thermal sulfonation process for the poly-
sulfone support are briefly indicated in the following para-
graphs, but it is extensively developed in Ref. [31].

3.1.1. Preparation of asymmetric polysulfone support
membrane

Polysulfone casting solution was prepared by dissolving
15 wt% PS (Mn 16,000) purchased from Aldrich in N,N -
dimethylformamide (DMF) with vigorous agitation for 12 h
at room temperature. The solutions were cast onto a glass
plate using a casting knife of thickness 200 mm followed by
precipitation in 15 wt% DMF solution. Then the polysulfone
membranes were taken from the bath and rinsed with dis-
tilled water (membrane PS). The thickness of the different
samples was determined by a digital micrometer (Digima-
trix Marck II) and the following average value can be taken:
�xm = (75 ± 10) µm.

3.1.2. Thermal sulfonation process
The obtained PS membranes were kept in a 0.25 M

H2SO4 aqueous solution for 3 h at 80 ◦C. Excess acid on
the surface was removed by a short water rinse. Afterwards
the membranes were put into an oven at 80 ◦C for 1 h. The
thermally treated samples were soaked in distilled water and
rinsed daily until the rinsed water reached neutral pH; this
type of membrane is labeled as SPS.

Fig. 2 shows the molecular structure of sulfonated poly-
sulfone. The presence of sulfonic acid groups (–SO3H)
improved the polysulfone hydrophilicity, which increases
the solution taken-up by the membrane matrix [32], which
should affect the membrane electrical resistance.

3.2. Synthesis of polyethylene glycol (PEG) membrane

Wax-like PEG (MW 1000, from Aldrich) was dissolved
in methanol with different concentration of 5, 25, 40, and
60 wt%. The solution was deposited coherently onto the
top surfaces of different samples of the sulfonated poly-
sulfone support membrane. The PEG-covered asymmet-
ric SPS composite membranes obtained were put into an
oven to cross link at 80 ◦C for 30 min, and they were
stored in water before use. These membranes will hereafter
be named SPS–PEG-5, SPS–PEG-25, SPS–PEG-40, and
SPS–PEG-60, respectively. A SEM micrograph of the cross

Fig. 2. Molecular structure of sulfonated polysulfone.
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(a)

(b)

Fig. 3. Scanning electron microscopy photograph of the cross section
of (a) the polyethylene glycol-supported membrane; (b) the lignosulfate
polyamide-supported membrane.

section of one of the PEG-covered samples (from Ref. [31])
is shown in Fig. 3a, where the top layer containing PEG is
clearly differentiated from the porous polysulfone structure.

3.3. Synthesis of polyamide containing lignosulfonate
(LIGS) membrane

The skin layer of polyamide containing lignosulfonate at
different concentrations (5, 10, 20, and 40 wt%) were ob-
tained by interfacial polymerization. Thermally treated sul-
fonated polysulfone membranes were immersed in a 3 wt%
1,3-phenylenediamine solution, which contains water-solu-
ble lignosulfonate (MW 7000 g/mol, acid groups 8.4 wt%).
A solution of 0.15 wt% 1,3,5-triclorotricarbonyl benzene in
hexane was continuously dropped onto the membrane sur-
face, where the interfacial polymerization happened imme-
diately. The formed polyamide composite membrane was
cured at 60 ◦C for 30 min, followed by a complete wa-
ter rinse. All the obtained polysulfone–polyamide–ligno-
sulfonate membranes were also stored in distilled water be-
fore use. These membranes will hereafter be named PA–
LIGS-5, PA–LIGS-10, PA–LIGS-20, and PA–LIGS-40, re-
spectively. Fig. 3b shows a SEM micrograph of the mem-
brane cross section, where the asymmetric structure with
degradation in the pore size can be observed.

3.4. Impedance spectroscopy measurements

Impedance spectroscopy (IS) measurements were carried
out in a test cell similar to that described elsewhere [33] and
using an impedance analyzer (Solartron 1260) controlled by
a computer. The membrane was tightly clamped between
two glass half cells by using silicone rubber rings. In or-
der to minimize concentration-polarization at the membrane
surfaces, a magnetic stirrer was placed at the bottom of each
half cell, which allows an external control of its speed rate.
IS data were corrected by software as well as the influence
of connecting cables and other parasite capacitances. One
hundred different frequencies in the range 10–106 Hz, at a
maximum voltage of 0.01 V, were used. Measurements were
carried out at a stirring rate of 525 rpm, at six different NaCl
solutions (10−3 � c(M) � 5 × 10−2 M), at room tempera-
ture t = (25.0 ± 0.3) ◦C and standard pH (5.8 ± 0.3); the
solutions on both sides of the membrane having the same
concentration. Before use, the membranes were immersed
for at least 10 h in a solution of the appropriate concentra-
tion.

4. Results and discussion

Nyquist plots obtained with PS and SPS membranes in
contact with a NaCl solution (c = 0.01 M) are shown in
Figs. 4a and 4b, while Fig. 4c shows a comparison of the
Bode plots obtained for both membranes. Two relaxation
processes for the whole membrane/solution system were ob-
tained, as can be clearly observed in Fig. 4c, which corre-
spond to the membrane (100 � fmax � 1000 Hz) and the
electrolyte layers between the membrane and the electrodes
(fmax ≈ 3 × 106 Hz). The shift of the maximum frequency
to lower values is associated to closer membrane structure
[32].

The impedance plots for two SPS–PEG samples with dif-
ferent concentration of polyethylene glycol (5 and 25 wt%,
respectively) are shown in Fig. 5, while Fig. 6 shows the ex-
perimental values obtained for two PA–LIGS samples con-
taining 10 and 40 wt% of lignosulfate; all these data cor-
respond to measurements carried out with the membranes
in contact with a 0.002 M NaCl solution. For both sets of
membrane/electrolyte solution systems two different relax-
ation processes were also obtained, and a similar maximum
frequency was determined in all cases (fmax ≈ 4000 Hz).

The equivalent circuits for the different membrane/solu-
tion systems consists in series associations of two subcir-
cuits: (i) a resistance in parallel with a constant-phase ele-
ment for the membrane (circuit: RmQm); (ii) a parallel as-
sociation of a resistance and a capacitor for the contribution
of the electrolyte solution placed between the membrane and
the electrodes (circuit: ReCe). The fitting of the experimental
points was carried out by means of a nonlinear program [34],
which allows the determination of the different circuit para-
meters (electrical resistance and equivalent capacitance). It
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Fig. 4. Impedance plots and equivalent circuits for PS and SPS membranes in contact with a 0.01 M NaCl solution. (a) Nyquist plot for SPS sample; (b) Nyquist
plot for PS sample; (c) Bode plot for SPS (") and PS (a) membranes.

should be pointed out the clear difference in the subcircuit
assigned to the membrane (m) for the samples containing
different percentages of modifying substance (see Figs. 5
and 6), while in all cases similar values were obtained for
the impedance part associated with the electrolyte solution
(e). It can be considered as a test of the reliability and repro-
ducibility of the impedance spectroscopy measurements.

The variation of PS and SPS membranes electrical re-
sistance with NaCl concentration is shown in Fig. 7a. The
decrease in the values of membrane resistance when the
salt concentration increases is attributed to the concentra-
tion dependence of the electrolyte solution embedded in the
membrane network [21,22]. As can be observed, significant
differences in the values of the electrical resistance for both
samples were obtained; in fact, Rm values for the sulfonated
membrane are around 15 times lower than that for the non-
sulfonated polysulfone one, and the average resistance ra-
tio for the whole range of concentration is 〈RPS

m 〉/〈RSPS
m 〉 =

16 ± 4. As was previously indicated, the sulfonic groups in-
corporated into the sulfonated sample greatly enhance the
uptake of aqueous solutions by the membrane matrix, reduc-
ing its electrical resistance. Variation of equivalent capaci-
tance with NaCl concentration for PS and SPS membranes
is shown in Fig. 7b; differences in Ceq values were also
obtained, the values for the sulfonated sample being approx-
imately 10 times higher than those for the nonsulfonated
membrane. As can be observed, the equivalent capacitance

Fig. 5. Impedance plots and equivalent circuits for two SPS–PEG mem-
branes in contact with a 0.002 M NaCl solution, (!) 5 wt% and (×) 25
wt%: (a) Nyquist plot; (b) Bode plot.
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Fig. 6. Impedance plots and equivalent circuits for two PA–LIGS mem-
branes in contact with a 0.002 M NaCl solution, (P) 10 wt% and
(+) 40 wt%: (a) Nyquist plot; (b) Bode plot.

Table 1
Average values for the equivalent capacitance, Ceq, and the empirical para-
meter, n, of the different membranes

Membrane Ceq (F) n

PS (6.1 ± 1.1) × 10−11 0.92 ± 0.02
SPS (2.0 ± 0.4) × 10−10 0.87 ± 0.04
SPS–PEG (5.1 ± 1.3) × 10−9 0.75 ± 0.08
PA–LIGS (3.2 ± 1.2) × 10−9 0.70 ± 0.06

of both membranes slightly decreases when the salt concen-
tration increases, but an average value for the whole range
of concentrations for Ceq as well as for the empirical para-
meter n can be determined, and the values are indicated in
Table 1. According to these results, the nonsulfonated mem-
brane practically behaves as an ideal capacitor.

Taking into account Eq. (4), the membrane dielectric con-
stant can be estimated from capacitance values, and the fol-
lowing average values were obtained, 〈ε (PS)〉 = (10 ± 2)

and 〈ε (SPS)〉 = (30 ± 6), which correspond to both ma-
terials in hydrate state. The higher dielectric constant ob-
tained for the sulfonated polysulfone membrane support
the improve of hydrophilicity assumed for this sample. In
fact, the differences obtained in the electrical parameters
for PS and SPS samples clearly show the effect of sulfona-
tion process in the membrane electrical parameters, and they
are in agreement with those previously obtained for sul-
fonated poly(ether sulfones) with different sulfonation de-
grees [30].

Fig. 7. Concentration dependence of (a) membrane electrical resistance and
(b) membrane equivalent capacitance, for SPS (F) and PS (a) membranes.

Variation of the electrical resistance of membranes SPS–
PEG and SPS–LIGS with NaCl concentration is shown in
Figs. 8a and 8b, respectively. For the samples containing
the lowest amount of PEG a clear correlation between the
decrease in the electrical resistance of the sample and the in-
crease of PEG content can be observed, but small differences
between SPS–PEG-40 and SPS–PEG-60 samples were ob-
tained. According to these results, the increase of PEG con-
centration in the membrane up to 40% practically does not
affect its electrical resistance. However, for PA–LIGS sam-
ples an optimum concentration of lignosulfate seems to exist
(20 wt%) in order to obtain lower electrical resistance, as
can be seem in Fig. 8b. The following sequence of values for
the membrane electrical resistance of lignosulfate modified
samples was obtained: PA–LIGS-5 > PA–LIGS-40 > PA–
LIGS-10 > PA–LIGS-20. The increase in the electrical re-
sistance of the samples at the higher lignosulfate content
could be related to compaction of the membrane top layer.

Fig. 9 shows the variation of the equivalent capacitance of
two SPS–PEG and PA–LIGS samples with different content
of the modifying substances. As can be observed, Ceq values
slightly increase when the NaCl concentration increases, and
small differences depending on both the kind of sample and
the concentration of modifying substance exist. However, an
average value for the equivalent capacitance and the empir-
ical parameter n for each set of membranes and the whole
range of concentrations were also determined, and their val-
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Fig. 8. (a) Membrane electrical resistance versus electrolyte concentration
for SPS–PEG membranes: (1) 5, (!) 25, (e) 40, and (P) 60%. (b) Mem-
brane electrical resistance versus electrolyte concentration for PS–LIGS
membranes: (1) 5, (!) 10, (e) 20, and (P) 40%.

Fig. 9. Equivalent capacitance versus electrolyte concentration for two
samples with different modifying substance concentration for each set of
membranes: (!) SPS–PEG 5%, (P) SPS–PEG 25%, (×) PA–LIGS 10%,
(e) PA–LIGS 40%.

ues are also indicated in Table 1. These results show that the
presence of modifying substances clearly increases the ad-
sorption of charge by the membrane.

Finally, Fig. 10 shows a correlation between the percent-
age of modifying substance (polyethylene glycol or ligno-
sulfonate) in the membrane and the surface electrical resis-
tance, rm, of the different samples at a given concentration
(c = 0.01 M NaCl, rm = Rm × Sm, Sm = membrane area).
It can be seem that the presence of polyethylene glycol

Fig. 10. Variation of the membrane surface resistance, rm, with the con-
centration of modifying substance. Experimental values (cNaCl = 0.01 M):
(2) SPS–PEG, (Q) PA–LIGS; extrapolated values (cNaCl = 0.5 M):
(1) SPS–PEG, (P) PA–LIGS.

produces a reduction in the membrane electrical resistance
higher than that caused by lignosulfonate at similar per-
centages. Particularly, for PEG concentrations higher than
25 wt% the reduction in rm value is around 20% of that
corresponding to the sample with the lowest PEG concen-
tration (5 wt%), while for PA–LIGS samples that reduction
is around 30%. For comparison, extrapolated values of the
surface electrical resistance for the different samples at high
concentration (0.5 M NaCl) are also shown in Fig. 10; these
values were obtained by extrapolation of those indicated in
Fig. 8 for the corresponding membranes. As was previously
indicated, membranes with low electrical resistance are of
great interest for their possible application in electrodialysis
and fuel cell systems. In this context, the results obtained in-
dicate that the SPS–PEG-40 membrane could be a candidate
for application in low-resistance devices, since the value of
its electrical resistance is only slightly higher than that pre-
sented by high-ion-exchange conducting membranes, but it
could be improved by using a thinner support.

5. Summary

The electrical characterization of two different sets of
composite membranes when they were in contact with NaCl
solutions at different concentrations has been carried out.
Different membrane samples were prepared by using a sul-
fonated polysulfon membrane as support layer and different
percentages of a modifying substance, polyethylene glycol
or lignosulfate, respectively.

Membrane electrical resistance and equivalent capaci-
tance were determined from impedance data using an equiv-
alent circuit as model, which consists in parallel association
of a resistance and constant phase element. A clear reduc-
tion in the membrane electrical resistance as a result of both
the polysulfone sulfonation and the incorporation of modi-
fying substance was obtained. In this later case, an optimum
concentration percentage can be estimated from electrical
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results (40% for PEG-containing samples and 25% for lig-
nosulfate ones).
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Abstract

Homogeneous PSf-LS membranes are formed by incorporating Lignosulfonate (LS) into the Polysulfone (PSf) network. LS obtained
from sulfite pulping process contains sulfonic acid groups that will act as proton transport media. PSf-LS membranes were characterized by
reflectance Infrared and scanning electron microscopy. LS showed significant influence on membrane morphology. Higher LS concentration
caused a decrease in macrovoid formation and induced larger pores. Precipitation temperature was investigated as influencing parameter.
Proton fluxes through PSf-LS membranes were measured by transport experiments. Impedance analysis confirmed that PSf-LS membranes
possess ion conductivity. The selected PSf-LS membranes exhibited high selectivity for proton over methanol, which indicates their potential
applicability in direct methanol fuel cell (DMFC).
© 2005 Elsevier B.V. All rights reserved.

Keywords: Lignosulfonate; Polymer blends; Membrane morphology; Proton conductivity; Selectivity

1. Introduction

As an alternative energy source, polymer electrolyte mem-
brane fuel cell (PEMFC) has developed quickly since 1980s.
Hydrogen fuel cell powered electric buses are already run-
ning in Canada and USA. A Japanese company has declaimed
that in 2005 they are going to put into market a new type mo-
bile phone powered by direct methanol fuel cell (DMFC).
Recently, China is backing up this global event and shows its
potential in the PEMFC market.

The most important part of PEMFC is the proton trans-
port membrane. At present, there are only few commercial
membranes to meet the market, i.e. Nafion® by Du Pont.
Nafion is a perfluorosulfonic acid (PFSA)-based polymer.
This membrane is still quite expensive. It is commonly
used in hydrogen fuel cell. Nafion shows a high methanol
cross-over, which limits its application in DMFC due to its
consequent lowering of the efficiency, one of the factors in

∗ Corresponding author. Tel.: +34 977 55 96 11; fax: +34 977 55 85 44.
E-mail address: ricard.garcia@urv.net (R. Garcia-Valls).

fuel cell implementation. Under this scenario, materials for
proton transport membrane have been developed quickly.
Many of them are sulfonated polymers and their blends.
For example, sulfonated PSf, sulfonated PEEK, sulfonated
polyimide among others. Sulfonation provides sulfonic acid
groups in the polymer main chain, which improves the
proton transport. Usually the sulfonation degree determines
the proton transport of the membrane, high sulfonation
degree results in high proton transport [1,2]. On the other
hand, high sulfonation degree also increases methanol
transport since methanol can be transported by electro-
osmotic drag and diffusion [3]. Therefore, an optimized
sulfonation degree is crucial to control the membrane
property.

Instead of modifying polymers by a sulfonation process,
our approach to the problem is the application of lignosul-
fonate (LS) in the preparation of a proton transport mem-
brane. LS is an amorphous, polyphenolic, high cross-linked
polymer containing sulfonic acid groups. Its molecular struc-
ture is showed in Fig. 1. LS is a by-product of sulfite pulp-
ing. Annually a huge amount of LS is produced all around

0378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.02.052
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Fig. 1. Molecular structure of LS.

the world. It has application as additive [4], surfactant [5].
LS has also been reported as a component in polymer blends
and showed bioactive and biocompatibility [6]. Moreover, LS
has applications in blends with thermoplastics [7]. Although
LS research is getting more attention, most of LS is incin-
erated as a waste and it is still a significant environmental
burden.

Incorporating LS into PSf matrix to produce membrane
provides membrane with proton-affiliated functional groups.
The preparation procedure of the membrane can be simple
and industry compatible. The membrane price would easily
be lower than the commercially available at present. This
new exploration of LS application could be of significant
improvement from both the economical and environmental
point of view.

2. Experimental

2.1. Preparation of PSf-LS membranes

PSf (Mw 35,000) was purchased from Aldrich and LS
(7000 g mol−1) was provided by Lignotech. The casting so-
lution was prepared by dissolving LS and 15 wt.% PSf in
N,N-dimethylformamide (DMF) at 35 ◦C. Then the coating
machine spread the casting solution onto a glass surface in
a controlled thickness film. The wet film was precipitated in
water bath immediately.

We obtained series of PSf-LS membranes (PSf-LS1, PSf-
LS2, PSf-LS3) by changing the LS concentration in the cast-
ing solution (1, 2 and 3 wt.%, respectively) and the tempera-
ture of the water bath.

The obtained membranes were light yellow color. After
precipitation, they were kept in distilled water for a week and
were daily rinsed before use.

2.2. Membrane characterization

PSf-LS membranes were characterized by reflectance in-
frared (Bruker-Tensor 27) to demonstrate the incorporation
of LS in the membrane.

Cross-section images of PSf blank and PSf-LS membranes
were obtained by scanning electron microscopy (SEM, JEOL
JSM-6400). The membrane morphologies present in the SEM
pictures were analyzed by software IFME® [8].

2.3. Transport experiments

In our research, we are using flux (J mol cm−2 s−1) to eval-
uate the membrane ability for proton and methanol transport.
The transport cell includes two compartments, which are sep-
arated by the tested membrane [9]. In the case of proton trans-
port, the initial feed was 1.0 M HCl aqueous solution and the
stripping was 1.0 M NaCl aqueous solution. The pH value of
stripping was measured every 2 s by a Crison Compact Titra-
tor. In the case of methanol transport, the initial feed was
1.0 M methanol aqueous solution and stripping was deion-
ized water. The methanol in the stripping was detected versus
time by HPLC (Agilent 1100), using a XDB-C8 column.

Eq. (1) describes permeability coefficient (p, cm3 cm−2

s−1) [10]:

−ln
Cf

C0
= Ap

Vf
t (1)

where C0 (mol l−1) is the initial concentration of feed, Cf
(mol l−1) is the feed concentration calculated through the
stripping solution at time t (s). Vf is the feed volume (ml) and
A the actual membrane area (cm2). From Eq. (1) we observe
the linear relationship between −ln(Cf/C0) and time. The
slope of the corresponding plot determines the value of p.

Under steady-state condition, proton and methanol flux
were calculated by Fick’s First Law:

J = P�C

l
(2)

where, l (cm) is the membrane thickness. �C is the con-
centration difference between the initial feed and the final
stripping. In our condition, C0 is much greater than the final
stripping concentration, so we consider �C ≈ C0.

P is the permeability (cm2 s−1), which is defined as:

P = pl (3)

Then the flux is related to the permeability coefficient:

J = pC0 (4)

Selectivity α of proton over methanol is a comprehensive
evaluation of membranes and is calculated by Eq. (5):

α = JH+

JMethanol
(5)

2.4. Impedance spectroscopy

In order to check that the results from transport exper-
iments reflected the intrinsic conductivity of tested mem-
branes, we also measured proton conductivity of some se-
lected hydrated membranes by using impedance spectrom-
etry (Solartron 1260). The cell has two compartments with
volume of 10 cm3 each, the electrode used was Ag/AgCl.
Membranes were examined at maximum voltage of 10 mV
with the contact solution of 0.1 M NaCl.
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Fig. 2. IR spectra of PSf and PSf-LS membranes.

3. Results and discussion

3.1. Reflectance Infrared spectra

Fig. 2 shows the IR spectra of PSf and PSf-LS membranes.
Comparing to the spectrum of PSf blank membrane, PSf-
LS spectra show absorption peaks at 3451–3100 cm−1 and

at 1700–1600 cm−1 which are assigned to O H stretching
vibration and C O stretching, respectively. They refer to the
phenolic hydroxyl groups and carbonyl groups of LS [11].
These IR absorption bands revealed that LS was incorporated
into the PSf network.

3.2. Scanning electron microscopy

The cross-sections of membranes were scanned by SEM.
Fig. 3 shows cross section images of PSf blank, PSf-LS1,
PSf-LS2 and PSf-LS3 membranes obtained at 20 ◦C of wa-
ter bath. A clear influence of LS on macrovoid formation
can be observed. The membrane with high LS concentration
showed morphology with reduced macrovoid. At the same
time, higher LS concentration caused the presence of larger
pores. Macrovoid formation is a liquid–liquid de-mixing pro-
cess. Instantaneous de-mixing favors macrovoid formation
[12]. Therefore, a possible explanation of the reduction in
macrovoid formation is that LS, as an ionic polymer, has a
good dispersing property. The interaction between LS and
DMF would delay the DMF/water exchange process. The
consequence of that delay would be the observed decrease
in macrovoid formation and the formation of more open and
regular morphologies.

Fig. 3. SEM cross-section images of PSf blank and PSf-LS membranes (precipitated at 20 ◦C).
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Table 1
Asymmetry analysis for PSf-LS membranes at two different loads of LS obtained at several precipitation temperatures

PSf-LS2 PSf-LS3

11 ◦C 15 ◦C 20 ◦C 35 ◦C 11 ◦C 15 ◦C 20 ◦C 35 ◦C

Asymmetry % 9 11 13 15 7 10 10 16

Precipitation temperature also has an influence on the
morphology of the membrane. The asymmetry analysis
results are presented in Table 1. A membrane with a ho-
mogeneous pore distribution and less macrovoids has a low
asymmetry value. We observed that the membrane tended to
be more asymmetric when precipitated at high temperature
and more macrovoids were formed at higher precipitation
temperature. This morphology change could also be a result
of the de-mixing process. High precipitation temperature ac-
celerates the solvent–non-solvent diffusion, which speeds up
the de-mixing process and results in the presence of more
macrovoids.

These morphologies have a direct influence on mass trans-
port resistance. As expected, larger pores and macrovoids
drive to lower mass transport resistance.

3.3. Proton transport

In the present article, we choose the proton transport abil-
ity as the main parameter to be considered, although for spe-
cific possible future applications, other considerations might
gain importance, like methanol cross-over or hydrogen gas
permeability.

Different membranes were investigated such as: PSf blank
membranes, PSf-LS membranes and Nafion 117. The per-
meability for proton through Nafion was determined to be
5.17 × 10−4 cm3 cm−2 s−1, and so the resulting flux was cal-
culated as 5.17 × 10−7 mol cm−2 s−1. This value is used as
the reference to compare with those of PSf-LS membranes.

Proton fluxes of PSf-LS membranes calculated from Eqs.
(1) and (4) are presented in Fig. 4. These values range from
0.9 to 5.4 × 10−7 mol cm−2 s−1.

We observe that proton fluxes obtained with 1 and 2 wt.%
of LS concentration membranes show the same behavior
versus precipitation temperature. At these LS compositions
15 ◦C yields the higher values in proton transport.

We also observe that when LS concentration is 3 wt.%, the
proton flux exhibited a different behavior when changing the
precipitation temperature. In this case the proton flux con-
tinuously increased when increasing the precipitation tem-
perature. This behavior was coincident with the conclusion
from SEM images that more macrovoids were observed at
higher precipitation temperature. The different behaviors of
1 and 2% membranes to the 3% ones were also evident when
analyzing the SEM images.

Finally, at the same precipitate temperature, the proton
flux increases when more LS is added to the polymer casting
solution. This tendency is clearly due to the facilitated proton
transport by acid groups of LS. Under the same conditions,

the proton transport through blank PSf membrane was sev-
eral orders lower (1.53 × 10−12 mol cm−2 s−1) than PSf-LS
membranes. While we observe in Fig. 3 that PSf blank mem-
brane and PSf-LS1 have similar morphologies so that the
main mechanism of proton transport through PSf-LS mem-
branes cannot be diffusion. We think the facilitated transport
mechanism will be responsible for the different transport val-
ues although diffusion might have a secondary influence due
to the morphology change when larger amounts of LS was
added.

3.4. Membrane conductivity

Proton conductivity is considered to be the intrinsic prop-
erty of the membrane and it is conventionally measured by
impedance spectroscopy. In order to compare with these re-
ported results, several PSf-LS membranes were tested. For
example, PSf-LS3 membranes precipitated at 11 ◦C were
measured by impedance spectrometry and presented an av-
erage ion conductivity of 0.9 mS cm−1, which is in the ac-
ceptable conductivity range for a proton transport membrane
[14,15]. The conductivity of Nafion 117 was reported to
be 8.05 mS cm−1 under the same experimental conditions
[13].

3.5. Methanol transport and membrane selectivity

After the measurements of proton flux, we chose the fol-
lowing five membranes for further measurements: PSf-LS2

Fig. 4. Proton flux of PSf-LS membranes versus precipitation temperature.
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Table 2
Methanol flux through selected PSf-LS membranes obtained at different precipitation temperatures and methanol flux through Nafion 117 as a reference

PSf-LS2 (11 ◦C) PSf-LS2 (15 ◦C) PSf-LS3 (20 ◦C) PSf-LS3 (25 ◦C) PSf-LS3 (35 ◦C) Nafion 117

Methanol flux 10−7 (mol cm−2 s−1) 0.347 0.56 0.614 0.719 1.06 1.18

Fig. 5. Selectivity values as proton over methanol for selected PSf-LS mem-
branes obtained at different precipitation temperatures.

precipitated at 11 ◦C, PSf-LS2 precipitated at 15 ◦C, PSf-LS3
precipitated at 20 ◦C, PSf-LS3 precipitated at 25 ◦C, PSf-LS3
precipitated at 35 ◦C.

Considering a possible application in DMFC, methanol
transport through the membranes is another important factor.
Therefore, we measured the methanol flux for the selected
membranes precipitated at different temperatures and Nafion
117 under the same measuring condition (25 ◦C) in order to
have a reference value.

Methanol permeability of Nafion 117 calculated by Eqs.
(1) and (3) was determined to be 2.54 × 10−6 cm−2 s−1,
which is very close to the value reported by Pivovar et al.
and Won et al. [16,17]. Corresponding methanol flux calcu-
lated from Eq. (4) was 1.18 × 10−7 mol cm−2 s−1.

Table 2 contains the methanol fluxes obtained with se-
lected PSf-LS membranes.

Methanol flux values observed show the same tendency as
that of proton flux. High LS concentration causes an increase
in methanol flux. When the LS concentration is the same, high
precipitation temperature resulted in high methanol flux due
to the open morphology. Comparing to Nafion 117, methanol
flux of all the tested membranes is relatively lower. This is
due to Nafion’s flexible backbone, which causes less resis-
tance for methanol when it swells. On the contrary PSf is an
aromatic polymer and LS has an aromatic backbone, so the
PSf-LS rigid chains show less methanol transport ability.

Fig. 5 shows the selectivity of all PSf-LS membranes cal-
culated by Eq. (5). PSf-LS2 precipitated at 11 ◦C shows the
highest selectivity value.

4. Conclusions

Reflectance IR revealed that the LS was readily contained
in the membrane. Due to its dispersing property, LS presence
influenced the membrane morphology. Higher LS concentra-

tion reduced macrovoid and made pores more open so that
the mass resistance decreased. Precipitation temperature also
has influence on the morphology of the membranes. When
LS concentration was 3 wt.%, higher temperature resulted
in more macrovoids. When LS concentration was less than
3 wt.%, higher temperature reduced the pore size and made
the morphology more asymmetric.

PSf-LS membranes showed proton transport ability due
to polyionic structure of LS. Higher LS concentration im-
proved the proton transport, so that the proton is mainly
transported by a facilitated mechanism that depends on acid
group concentration. Selected PSf-LS membranes showed
relatively low methanol transport compared to Nafion 117.
Results from impedance conductivity demonstrated that PSf-
LS membranes exhibited the intrinsic property of proton
transport.

Moreover, since LS is a waste or by-product of pulping
industry, PSf-LS membrane would present economical and
environmental advantages with respect to membranes made
by other polymers.

More investigation on thermal and mechanical properties
of PSf-LS membranes are undergoing, and long-term stability
will be tested in the future.
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Abstract 
Porous lignosulfonate membranes were prepared and considered for their potential 
application in direct methanol fuel cells (DMFC). Membranes were characterized by 
impedance spectrometry and water uptake measurement. Both their ion exchange 
capacity (IEC) and water uptake capacity affected porous membrane conductivity. 
Membrane conductivities were in the range 5-12 mS/cm at 80ºC. Membrane electrode 
assemblies (MEAs) based on lignosulfonate membranes were also prepared and 
characterized in a single cell in order to determine whether they can be used in a 
direct methanol fuel cell. The current density at 300 mV was of 42 mA/cm2 at 80ºC. 
  
Keywords:  porous membrane, lignosulfonate, proton conductivity, membrane 
electrode assembly, single cell performance      
 
 
1.  Introduction 
 
For polymer electrolyte membrane fuel cells (PEFC) operating on hydrogen or 
methanol, Nafion® is the standard proton conducting membrane. Its sulfonic acid 
groups form micro ion channels where the proton is transported together with its 
solvating water [1-4]. Based on the same concept, one of the main material 
developments for DMFC is sulfonated polymer and such blends as sulfonated 
polysulfone, sulfonated polystyrene and sulfonated poly(ether ether ketone). Both 
inorganic and organic materials are used as blending composite. With SiO2, TiO2 and 
ZrO2 in the polymeric network, the membrane can be applied in DMFC operated at 
temperatures above 100°C [5-10]. Other research groups fill the phosphate and other 
acids into the polymeric matrix to generate membranes with better proton 
conductivity [10-14,]. Rigid and hydrophobic polymers are chosen to yield hybrid 
membranes with less methanol permeation [10, 15-21].  
In this study, we prepared a type of porous membrane using polysulfone (PSU) and 
lignosulfonate (LS) blends. PSU is a hydrophobic, chemically resistant polymer 
which functions as a methanol barrier and membrane structure support. LS is also 
called sulfonated lignin. It is a highly crosslinked polyphenolic polymer that contains 
sulfonic acid groups and is a waste product of the pulping and paper making industry. 
Every year a huge amount of sulfonated lignin is produced all over the world, but 
only 1% of it is used.  It is still a burden to the environment and needs to be explored 
further. If membranes were to consist of the LS that is not used today and a standard 
technical polymer such as PSU, they would be much cheaper than the present 
standard material Nafion. It is generally accepted that polymers containing a 

  



perfluorinated main chain and polymers containing a fully aromatic main chain are 
more stable under fuel cell conditions than polymers containing CH2-groups in the 
main chain. However, other polymers containing aliphatic components in the main 
chain have previously been tested successfully under fuel cell conditions [22].  
In previous research, we prepared LS membranes under different conditions.  
Morphology analysis showed that LS was incorporated into the PSU matrix and no 
obvious phase separation was detected. The pores in the membranes were closed [23]. 
In the present paper, we characterize the electrical resistance of the LS membrane by 
impedance spectroscopy. The factors that influence membrane conductivity were 
investigated. At the same time, we prepared membrane electrode assemblies (MEAs) 
from the LS membrane. The MEAs were characterized in a Direct Methanol Fuel Cell 
at 80ºC. 
 
2.  Experimental 
 
2.1  Lignosulfonate membrane preparation  
 
PSU (Mw. 35,000) was purchased from Aldrich and LS (Mw. 7000) was provided by 
Lignotech Borregaard. The casting solution was prepared by dissolving LS and 15 
wt.% PSU in N,N-Dimethylformamide (DMF) at 35ºC. Then the casting solution was 
spread by a coating machine onto a glass surface in a controlled thickness film. After 
it had been immersed in various precipitation bath solutions, the wet film formed a 
solid membrane.  
 
2.2  Water uptake measurement 
 
Membrane samples were cut to the size of 42mm× 42mm and weighed after 2h in a 
130ºC oven. Then membrane samples were put into a water bath at 60ºC and 80ºC for 
2 h and the bath was allowed to cool to room temperature. The membrane was 
immediately weighed and its dimension was measured after the membrane surface 
had been wiped dry with filter paper. Finally, the water uptake was calculated by  

 

100(%) ×
−

=
dry

drywet

W
WW

uptake     (1) 

 
 
2.3  Membrane protonation 
 
Membrane samples were put into 3.0 M H2SO4 solution at 60ºC for 1h. Then they 
were rinsed with deionized water, and put into deionized water at 80ºC for 1h. Finally, 
the protonated membranes were rinsed with deionized water and stored in deionized 
water. 
 
2.4  Proton conductivity measurement 
 
Two cells were used to measure the membrane conductivity. Cell 1, a four-point 
probe conductivity measuring cell [24] made of Teflon, was used to measure the 
conductivity under different humidities and temperatures. It consisted of two platinum 
current-carrying electrodes (distance 3 cm) and two platinum potential-sensing 
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electrodes (distance 1 cm). The cell was placed in a home built environmental 
chamber which allowed the cell temperature and relative humidity to be controlled 
independently [25].  
Cell 2 is shown in Figure 1 and has the same structure as cell 1. The distance between 
the potential-sensing electrodes is 2 cm and the distance between the current-carrying 
electrodes is 4 cm. The cell was placed in a water bath and the conductivity was 
measured at different temperatures. 
The testing sample was a piece of membrane about 10 cm long and 1 cm wide and 
was fixed in the cell. The membrane resistance was measured by Impedance 
Spectroscopy (Potentiostat / Galvanostat model 273A, EG&G Princeton Applied 
Research). The frequency swept from 65535 Hz to 100 Hz. The data were analyzed 
by Z plot software.  
The conductivity was calculated using  
 

cRS
d

=σ       (2) 

 
where σ, d, R, Sc refer, respectively, to proton conductivity (S/cm), the potential-
sensing electrode distance (cm), the membrane resistance (Ω) and the membrane 
cross-section area (cm2). 
 

 
 

Figure 1.  4-Electrode AC-Impedance measurement cell 
 
2.5 Fabrication of the membrane electrode assembly (MEA)  
 
2.5.1 Catalyst ink preparation 
 
The catalyst ink for the cathode was prepared by proportionally mixing 57.2% Pt/C 
(Johnson Matthey Hispec 9100) with deionized water, 5% Nafion solution (Fluka 
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Chemika) and isopropanol (IPA). The catalyst ink for the anode was prepared by 
proportionally mixing 40% PtRu/C (Heraeus) with deionized water, 5% Nafion 
solution and IPA. The suspension was mixed by ultrasound for 10 min at room 
temperature. The suspension was then further mixed by ultraturrax (High shear rotor-
stator system).  
 
2.5.2 Gas diffusion electrode preparation 

ared by spraying catalyst ink on top of the 
iffusion layer (Vulcan XC 72, Cabot Corp. and PTFE, Dyneon) [26]. Then, the wet 

ed by spraying 5% Nafion solution on both sides, and then 
 was dried at 130ºC. Very thin Nafion dense layers formed on the surfaces of the LS 

DEs, the pre-treated membrane and the 
aling material in a single measure cell. During operation, the GDEs stuck to the 

e and methanol permeation 

ium cell. The flow-field 
ad a grid-structure. The channels were 1.0mm deep, 1.0mm wide and spaced 1.0mm 

 
Gas diffusion electrodes (GDE) were prep
d
electrode was dried at 60ºC for 2 h. Before use, GDE was sprayed with 5% Nafion 
solution, and then dried at 60ºC. Nafion loading on GDE was about 1 mg/cm². This 
Nafion layer on top of the electrode was necessary to obtain a good contact between 
the electrodes and the membrane without hot-pressing. 
 
2.5.3 MEA preparation  
 
The membrane was pretreat
it
membrane. Nafion loading was around 2 mg/cm2. The Nafion layers on the 
membrane also helped to improve contact between the membrane and the electrodes. 
Furthermore, the Nafion dense layers sealed the surface of the LS membrane and 
significantly reduced the risk of pin-holes. 
 
MEA was formed by directly placing G
se
treated membrane surface and thus the MEA was formed in situ. Standard MEA-
preparation procedures including a hot-pressing step could not be used because they 
destroyed the membrane. 
 
2.6  Single cell performanc
 
All MEAs were characterized in a test rig with a single titan
h
from each other. The electrode area was 20cm2. The anode compartment was fed with 
1.0M methanol under 1.0 bar pressure, and the cathode compartment was fed with air 
under 1.5 bar pressure. The flow rates were 664 mlN/min of air at the cathode and 249 
ml/h of methanol solution at the anode. The operation temperature was 80ºC. 
Methanol permeating to the cathode was mostly oxidized directly on the cathode. In 
order to ensure complete conversion of permeated methanol to CO2 a catalytic 
converter was placed in the cathode exhaust. Then the total CO2 in the cathode 
exhaust was measured by an IR-detector. The amount of CO2 enabled the amount of 
permeated methanol to be calculated and from this the current density that could have 
been generated was calculated (loss current) [27]. The corresponding methanol 
permeability ( P , cm2/s ) was calculated as 
 

F
iJmethanol 6

=      (3) 
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methanolC
lJP ×

=      (4) 

 
where,  is Faraday constant, i  (A/cmF 2) is the current density,  (mol/cmmethanolJ 2s) 

is the crossed methanol flux ,  l (cm) is the membrane thickness,  (mol/cmmethanolC 3) 
is the methanol concentration of the anode, which was consider as 1.0 x 10-3 mol/cm3 
in our case. 
 
3.  Results and discussion 
 
3.1  Membrane and properties 
 
Several membranes were formed and their density, thickness and IEC are listed in 
Table 1. 
 

Table 1. Membrane properties 
Casting conditions Average 

membrane 
thickness 

μm 

LS content 
in the dry 
membrane 

wt. % 

Dry 
membrane 

density 
g/cm

Theoretical 
gravimetric 
IEC meq/g 

Theoretical 
volumetric 

IEC meq/cm
LS content in 

the casting 
solution wt. % 

Membrane Precipitation  
bath solution 3

3

LS6 6.25 1 Water 0.2731 86 0.054 0.0148 
LS12 11.70 2 Water 0.2593 89 0.102 0.0264 
LS17 16.70 3 Water 0.2143 110 0.144 0.0309 

LS17/IPA 16.70 3 IPA 0.3063 77 0.144 0.0438 
LS17/IPAW 16.70 3 50%IPA/Water 0.1833 155 0.144 0.0265 
Nafion 117 - - - 1.98 178 0.909 1.8 

 
From table 1, we see that LS content and precipitation bath solution influence the 
membrane density. When the precipitation bath solution was water, a high LS content 
reduced the membrane density. When the precipitation bath solution was isopropanol 
(IPA), the membrane had higher density. When it was precipitated in a 50% 
IPA/water bath solution (IPAW), the membrane was more porous. The gravimetric, 
and particularly the volumetric, IEC were much lower than the standard material 
Nafion 117. 
 
3.2  Water uptake measurement 
 
To determine the water uptake, we used Nafion 1135 as a reference because it was as 
thick as the LS membranes. The results are listed in table 2. Since no dimensional 
change was observed for all the tested LS-membranes after the swelling experiments, 
we can conclude that LS membranes took water into its pores other than dimensional 
swelling, which was due to its porous property and rigid and hydrophobic PSU chains. 
Nafion 1135 swelled by 8-10% in each direction, because of the more flexible 
backbone of the Nafion polymer. Higher temperatures increased the water uptake for 
LS membranes and Nafion 1135. This and the fact that even the swollen LS 
membranes have densities of less than 1 g/cm³ indicates that some pores are not 
accessible at 60°C but become accessible at 80°C while other pores are not accessible 
even at 80°C. 
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The membrane density is related to the water uptake capacity. Low density 
membranes contain more pores, which results in high water uptake.  
 

Table 2. Membrane water uptake at different temperatures 
uptake% 60ºC 80ºC 

LS6 131.76 156.62 
LS12 162.71 185.44 
LS17 245.03 282.95 

LS17/IPA 89.18 93.03 
LS17/IPAW 313.55 321.98 
Nafion 1135 23.67 31.45 

 
3.3  Proton conductivity 
 
We tested the conductivities of LS17 membranes using cell 1 under different 
humidities and temperatures. The results are presented in Figure 2. Membrane 
conductivity increases as the humidity and temperature increase.  
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Figure 2. The effect of humidity on the proton conductivity of a protonated LS17 
membrane at different temperatures  
 
After immersing the membrane in the water bath, we measured membrane 
conductivity over time by using cell 2. Figure 3 shows that membrane conductivity 
improved slightly with the equilibration time in water. After two hours, membrane 
conductivity reached a plateau. This suggested that the conductivity of LS membranes 
depends on the water uptake, which agrees with the conductivities measured under 
different humidities.  
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Figure 3. The influence of water uptake time on membrane conductivity at 40ºC 

 
Figure 4 shows the conductivities of LS membranes and Nafion 117 measured by cell 
2 at different temperatures. Higher temperatures led to higher conductivities for all the 
membranes. It is also clear that Nafion 117 showed higher conductivity than LS 
membranes because its IEC was higher. Likewise, LS membranes with higher IEC 
showed increased conductivity. Therefore, increasing the LS content in the membrane 
will improve membrane conductivity. 
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Figure 4. Logarithmic Plot of Proton conductivity of LS membranes and Nafion 117 
at different temperatures  

 
LS membrane conductivity also depends on the precipitation bath solution (Figure 5). 
At the same LS content, the conductivity of the membranes precipitated in a water 
bath was higher than the conductivity of those precipitated in other solutions. As we 
observed when measuring the water uptake with IPA as the precipitation bath solution, 
the membrane was denser and took up much less water, which resulted in lower 
conductivity. However, LS17/IPAW showed lower conductivity than LS17 although 
LS17/IPAW took more water than LS17. Obviously the IEC, water uptake and 
precipitation solvent all play a role in membrane conductivity. It should be pointed 
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out that the conductivity of the LS17 membrane is fifteen times lower than that of 
Nafion, while the volumetric acid group density is sixty times lower. The general 
expectation is that conductivity should be reduced more than the acid group density, 
because even if only a few acid groups are removed, some conduction pathways will 
be broken. This leads us to conclude that by choosing the right precipitation solvent, 
the acid groups can be directed into a very favorable steric arrangement.  
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Figure 5. Effect of the precipitation bath solution on membrane conductivity 

 
3.3  Methanol crossover and single cell performance 
 
Three MEAs (Table 4) were formed and measured in a single cell test rig. Cell 
performance and methanol permeation are presented in Figures 6 and 7.  MEA 1 and 
MEA 2 show very similar performances in spite of the difference in membrane 
conductivity. This may be an indication of non-perfect proton transfer between 
Nafion-based catalyst layers and the LS-based membrane. At 300 mV, the current 
density reached in both cases was around 42mA/cm2, while Nafion 117 based MEA 
usually obtains a current density of 214mA/cm2. This is because the conductivity of 
Nafion 117 is better than that of LS membranes and also Nafion has better contact 
with GDEs. 
 
 

Table 4. List of MEAs prepared 
MEA Membrane Anode catalyst loading  

mg/cm
Cathode catalyst 
loading  mg/cm2 2

1 LS17 1.77 2.38 
2 LS12 1.77 2.30 
3 Nafion 117 2.70 2.01 
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Figure 6.  Cell performance curve of MEA1 and MEA2 
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Figure 7.  Loss-current density of MEA1, MEA2 and MEA3 

 
Figure 7 shows the loss-current density due to methanol crossover for MEAs based on 
LS membranes and Nafion 117. The loss-current densities for MEA1, MEA2 and 
MEA3 were about 210 mA/cm2, 160 mA/cm2 and 140 mA/cm2, respectively. A high 
loss-current density means high methanol permeation. Using equation (3) and 
equation (4), we calculated the methanol permeabilities of three MEAs based on the 
loss-current density obtained at open cell condition. The methanol permeability of 
MEA3 based on the Nafion 117 membrane was 4.40 x 10-6 cm2/s, and that of MEA1 
based on the LS17 membrane was 3.98 x 10-6cm2/s and that of MEA2 based on the 
LS12 membrane was 2.45 x 10-6 cm2/s. It was clear that MEAs based on the LS 
membranes showed lower methanol permeabilities comparing to the MEA based on 
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Nafion 117. From this result we can also conclude that our lignosulfonate membranes 
can separate the anode and cathode reactants effectively. The porous structure is a 
closed pore structure as shown elsewhere [23]. Therefore the method taken during 
MEA-preparation to avoid pinholes as described above make these membranes very 
good separators in spite of their low density.  
 
Although we did not test the life time of the LS-membrane-based MEA, MEAs have 
operated for over 60h and have shown stable cell performance. This demonstrated that 
LS membranes are stable during the real cell test. Since membranes made of other 
aliphatic polymers have also been successfully tested under fuel cell conditions [22], 
it is reasonable to assume that Lignosulfonate membranes are sufficiently stable under 
DMFC conditions 

 
4.  Conclusions 
 
This research has focused on the electrical and electrochemical characterization of 
lignosulfonate membranes for Direct Methanol Fuel Cells and MEAs based on them. 
Our swelling experiments showed that porous LS membranes took up water into their 
pores but did not swell in water. Their dimensional stability in water is an advantage 
to be used in the DMFC. Impedance analysis showed that LS membranes were more 
resistant than Nafion 117, which is mainly because of their low IEC. In fact, 
considering the low IEC, the proton conductivity is remarkably high, so the 
lignosulfonate in the blend must have a steric distribution which is favorable for 
proton transport. 
 
MEAs were successfully formed in the single cell build-up. The current density at 300 
mV was about 42 mA/cm2, which was 5 times lower than that of MEA based on 
Nafion 117. Membrane resistance plays a crucial role in cell performance. The 
methanol permeability of LS-based MEA was lower than that of Nafion 117-based 
MEA. LS-based MEA was stable for 60 hours in the test condition. 
 
As a new type of membrane for DMFC, LS membranes still require further 
investigation if they are to perform as well as the more expensive Nafion membranes. 
Especially the membrane preparation process has to be improved in order to obtain 
membranes with higher IEC and higher conductivity. In spite of the low density and 
high water uptake these membranes show very low methanol permeability, making 
them highly promising candidates for further development. MEA preparation should 
also be investigated in the future if cell performance is to be improved.  
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