
REMOVAL OF CARBON MONOXIDE FROM HYDROGEN GAS USING 

PLATINUM AND PALLADIUM CATALYST IN ELECTROCHEMICAL 

WATER GAS SHIFT REACTION 

 

 

 

 

 

 

 

 

 

 

NOOR ASHIKIN BINTI MOHAMAD 

 

 

 

 

 

 

 

 

 

 

UNIVERSITI TEKNOLOGI MALAYSIA 



REMOVAL OF CARBON MONOXIDE FROM HYDROGEN GAS USING 

PLATINUM AND PALLADIUM CATALYST IN ELECTROCHEMICAL 

WATER GAS SHIFT REACTION 

 

 

 

 

 

 

NOOR ASHIKIN BINTI MOHAMAD 

 

 

 

 

 

 

A thesis submitted in fulfilment of the 

requirements for the award of the degree of 

Master of Engineering (Chemical) 

 

 

 

 

Faculty of Chemical and Energy Engineering 

Universiti Teknologi Malaysia 

 

 

 

 

AUGUST 2017 



iii 
 

 

 

 

 

 

 

 

 

I would like to dedicate this thesis to my beloved husband, ayah, maa and the rest of 

my family members for their encouragement and the advices throughout the journey 

and of course to my son Muhammad Anas who is born during ummi is struggling to 

finish this thesis. Thank you for being born and you give me the priceless 

experiences 



iv 
 

ACKNOWLEDGEMENT 

 

 

 

 

 In completing my study, I would like to thanks my supervisor, Dr Tuan 

Amran Bin Tuan Abdullah who without fail assists me throughout the three years of 

my research journey.  He is one of the kindness and has wide knowledge in 

instruments and laboratory devices.  He thought me and fellow researchers to be an 

independent researcher which we did assembles out test station on our own.  

Through Dr Tuan, I got to learn both formal and informal knowledge.  Thank you so 

much and I will remember Dr for a long time. 

 

 

 I would like to further my wishes to lab assistance, en. Rafiza and en. Shairil 

from the separation lab for giving permission to use their lab.  Their kindness has 

indeed very helpful to complete my study.  Not to forget my family members and 

friends for their consistent moral support and encouragement.  To my fellow lab-

mates Fatin, Afizah and Wong, whom give their support technically and emotionally.  

Last but not least, I would like to signify my appreciation to anyone who has directly 

and indirectly involved in the accomplishment of this thesis. 



v 

 

 

ABSTRACT 

 

 

 

 

Proton exchange membrane fuel cell (PEM-FC) uses hydrogen as the feed 

gas and converts it directly into electrical energy.  However, the high performance of 

PEM fuel cell is degraded as the accumulated carbon monoxide (CO) conquers the 

active sites of the anode catalyst which solely belongs to hydrogen molecules.  This 

research focused on the application of PEM fuel cell as an electrochemical (CO) 

converter.  The reversible concept of fuel cell was utilized to convert the CO to 

carbon dioxide (CO2) as to obtain a tolerance concentration of CO.  The 

electrochemical CO converter underwent the electrochemical water gas shift reaction 

(EWGSR) in order to convert the CO to CO2.  Five membrane electrode assemblies 

(MEA) samples with different ratios of platinum (Pt) to palladium (Pd) on activated 

carbon (Ac) and coated on polybenzimidazole (PBI) membrane were prepared.  The 

Pt-Pd/Ac MEA samples were in the range of 1:0 to 1:4 which represent Pt:Pd ratios.  

The samples were tested by using hydrogen-rich gas (CO/H2) with 100 ppm of CO.  

The PBI membrane was used for electrochemical CO converter as it is cheaper and 

can tolerate the CO without controlling the humidity content.  The process 

parameters were CO/H2 flow rate, voltage of power supply and operating 

temperature of electrochemical CO converter.  The performance of the sample was 

found to increase at three operating conditions which is the CO/H2 gas flow rate is 50 

ml/min with 0.7V voltage at room temperature.  The result was 96.73% of CO 

conversion. 
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ABSTRAK 

 

 

 

 

 Membran penukaran proton sel bahan api (PEM-FC) menggunakan hidrogen 

gas sebagai gas suapan dan ia ditukarkan secara terus kepada tenaga elektrik.  Walau 

bagaimanapun, membran penukaran proton sel bahan api yang berkeupayaan tinggi 

akan mengalami kemerosotan apabila karbon monoksida (CO) yang terkumpul 

memenuhi ruang aktif yang sepatutnya dimiliki oleh molekul hidrogen.  Penyelidikan 

ini memfokuskan kepada penggunaan membran penukaran proton sel bahan api 

sebagai penukar elekrokimia CO.  Konsep berbalik sel bahan api digunakan untuk 

menukarkan CO kepada karbon dioksida (CO2) untuk mencapai kepekatan toleransi 

CO.  Penukar elekrokimia CO menjalani tindak balas elektrokimia peralihan gas air 

(EWGSR) untuk menukarkan CO kepada CO2.  Lima sampel pemasangan membran 

elektrod (MEA) dengan nisbah yang berbeza daripada platinum (Pt) kepada 

paladium (Pd) pada karbon teraktif yang dilekatkan pada permukaan membran 

polibenzimidazol (PBI) disediakan.  Sampel Pt-Pd/Ac MEA adalah dalam julat 1:0 

kepada 1:4 yang mana mewakili nisbah Pt:Pd.  Kesemua sampel diuji menggunakan 

gas hidrogen (CO/H2) yang mengandungi 100 ppm CO.  Membran PBI telah 

digunakan sebagai penukar elektrokimia CO kerana ia lebih murah dan boleh 

menerima CO tanpa perlu mengawal kandungan kelembapan.  Parameter yang 

terlibat dalam proses penukaran elektrokimia CO adalah kadar alir CO/H2, voltan 

bekalan kuasa dan suhu operasi.  Prestasi penukaran karbon monoksida meningkat 

pada tiga keadaan pengoperasian, iaitu kadar alir gas CO/H2 ialah 50 ml/min dengan 

voltan 0.7V pada suhu bilik.  Keputusan yang didapati ialah 96.73% penukaran CO. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Background of Study 

 

 

There are many of the researchers all around the world working on clean and 

renewable sources of energy in reducing the dependence upon fossil fuels as the 

energy source to meet the demand from the consumers.  In order to fulfill the 

demand, hydrogen has been identified as a potential alternative energy source where 

it is an energy carrier or a medium of storing or transporting energy with potential for 

extensive use in electricity generation for the industrial, commercial, residential, 

institutional, agricultural, and transportation.  Furthermore, hydrogen contains almost 

three times the energy contained in natural gas (Amoo and Fagbenle, 2014).  Due to 

the huge potential of hydrogen as the alternative fuel, a few methods have been 

found that can generate the hydrogen and these methods are thermochemical, 

electrochemical, photobiological and photoelectrochemical.  One of the methods is 

thermochemical, it consists of several techniques to produce the hydrogen which are 

autothermal reforming, steam reforming, and gasification process, which can be 

applied to natural gas, coal or biomass to produce the hydrogen fuel.  However, the 

hydrogen fuel that is produced from these methods is of low purity and need to 

undergo the purification process (Chen et al., 2008). 
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One of the technologies that can transform the hydrogen into a useful energy 

is the fuel cell where it converts directly the hydrogen into electricity.  The function 

of the fuel cell system is to convert the chemical energy into the electrical energy, 

where it is a single step process to generate the electrical energy which by the 

reaction of reactants that takes place on the surface of the catalyst from the fuel cell.  

The fuel cell system can continuously generate the electrical energy as long as the 

reactants are kept on feeding into the system.  The concept of fuel cell is similar to 

normal batteries, where it consists of electrolyte, cathode and anode electrodes, 

which undergo the electrochemical process, but the main advantage is that the 

reactants are supplied continuously.  The reactants fed into the system are hydrogen 

and oxygen gas, where the hydrogen gas is fed through the anode and oxygen 

through the cathode.  Throughout the system, the hydrogen is oxidized at the anode 

and oxygen is reduced at the cathode, as the hydrogen is oxidized, it does separate 

the electrons and protons where the protons are passed through the external circuit to 

generate electrical energy (Chandan et al., 2013). 

 

 

 There are a few types of fuel cell have been developed based on different 

types of electrolyte used.  The electrolyte can be in the solid or liquid form.  Each 

type of fuel cell has their capability and specialty.  However, proton exchange 

membrane fuel cells, also known as polymer electrolyte membrane fuel cells (PEM-

FC) is the most promising one as it has many advantages, among others, their 

advantages are low operating temperature, fast start-up, and high-power density (Mu 

et al., 2010).  Therefore, PEM-FC has been widely used as a power generator and 

applied for portable, stationary and transportation system (Kim and Kim, 2012).  

Besides that, the hydrogen gas is one of the important components for the bright 

future of PEM-FC where a high purity of hydrogen gas is demanded in order to 

optimize the performance of PEM-FC in generating the electrical energy.  From the 

total of hydrogen produced today, 96 percent comes from the steam reforming of 

fossil fuels (Busby, 2005) 
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The PEM-FC has been known as one of the leading green technologies as it 

only produces water as the side product when using hydrogen and oxygen as the raw 

materials (Zhang et al., 2006).  The water molecule is produced as the proton from 

the hydrogen gas passes through the membrane of the fuel cell to react with the 

oxidized oxygen at the cathode side.  A high purity of hydrogen gas logically 

possesses a small amount of impurities and causes no defect on PEM-FC 

performance.  However, from the previous study, they found out that some of the 

impurities can give a bad impact on the production of electrical energy from the 

PEM-FC itself.  Most of the researchers focus on the presence of carbon monoxide 

(CO) molecules from the hydrogen-rich gas which believed can cause the conflict to 

fight on the active site of catalyst surface of the PEM-FC which is actually reserved 

for the hydrogen molecules to adsorb on it.  The concentration of CO in hydrogen 

gas has to be reduced to a level below 20 ppm in order to avoid poisoning of the 

catalyst at the fuel cell electrodes (Galvita and Sundmacher, 2007). 

 

 

There are two types of membrane film that are widely studied for fuel cell 

application, which are the Nafion and polybenzimidazole (PBI).  The nafion 

membrane is commonly being used for low temperature PEM fuel cells (LT-

PEMFCs) as the operating temperature can never be above 80°C in order to control 

the humidity losses to preserve the performance.  While for the PBI membrane, this 

is one of the alternatives in order to encounter the carbon monoxide poisonous cases, 

where the PEM-FC can tolerate much more of the carbon monoxide concentration at 

high temperatures compared with the temperature that PEM-FC is being operated 

normally.  The PBI membrane can tolerate a much higher operating condition 

temperature compared to nafion membrane which can go up to 200°C (Aili et al., 

2011).  As the conventional PEM-FC is normally operated at 80°C, at this 

temperature the carbon monoxide content is as low as 10-20 ppm can cause the 

performance degradation where the carbon monoxide poisons the electrode platinum 

catalyst at the anode side which is where the hydrogen stream flows in (Das et al., 

2009). 
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The CO poisoning is a crucial problem which needs to be prevented in order 

to prolong the life span and to optimize and maintain the performance of the PEM-

FC.  In order to use the low purity of hydrogen which is from the reformer or other 

processes as the feedstock of PEM-FC, there is a need to have a hydrogen treatment 

process at a low level.  This study proposes the electrochemical CO converter which 

undergoes the electrochemical water gas shift reaction (EWGSR) which was 

modified from PEM-FC to purify the low purity of hydrogen gas.  This EWGSR can 

convert the poisonous CO into carbon dioxide (CO2) and indirectly increase the yield 

of hydrogen gas at the cathode side of electrochemical CO converter (Giunta et al., 

2007). 

 

 

 

 

1.2 Problem Statements 

 

 

To optimize the generation of electrical energy from LT-PEMFCs at 80°C 

operating condition, a high purity of hydrogen has to feed to the anode of the system.  

However, a high purity hydrogen gas significantly affects the operating cost.  A low 

purity hydrogen gas is suggested to be used as an alternative to lower the costing 

operation.  This low purity hydrogen gas contains CO which can cause the 

performance degradation of LT-PEMFCs.  The presence of 10-20 ppm of CO in 

hydrogen gas can contaminate the catalyst surface at the fuel cell electrode and 

degrade the performance of LT-PEMFCs (Das et al., 2009).  In order to provide a 

high purity of hydrogen gas to feed the LT-PEMFCs, the low purity of hydrogen gas 

needs to undergo the purification process.  Besides the purity as one of the high 

costing factors, the metal that is used as the catalyst at the electrode also plays an 

important role. 
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The best electrocatalyst for both anode and cathode of PEM-FC is the 

platinum (Pt), where it has a high exchange current density for oxygen-reduction, a 

high resistance to chemical attack, excellent high-temperature characteristics, and 

stable electrical properties.  However, Pt is expensive and the world’s supply of Pt is 

limited and already in demand for other applications.  As to promote low cost 

conditions, the Pt-alloy is proposed to reduce the requirement of Pt (Thanasilp and 

Hunsom, 2011).  Besides that, the Pt based catalyst can be improved by alloying Pt 

with the nobel and non-nobel metals to tolerate CO and Pt-Ru is one of the most CO 

tolerant Pt based hydrogen oxidation catalysts (Modestov et al., 2011).  The 

palladium (Pd) can be found in the Earth’s crust compared with the Pt which is 

limited makes the price of Pd is less expensive (Grigoriev et al., 2007).  The Pd is 

believed can partially replace the Pt as to create an alloy that can adsorb the CO in 

order to separate the CO from hydrogen gas (Chen et al., 2012).   

 

 

Other than that, the membrane that is commonly used for PEM-FC is Nafion 

and polybenzimidazole (PBI) membrane.  The membrane applications also 

contribute to the high cost operation of fuel cell (FC).  The PBI membrane is 

considerably cheaper compared to the nafion membrane (Kongstein et al., 2007).  

The PBI membranes need to treat with phosphoric acid (H3PO4) as to improve the 

proton conductivity.  Phosphoric acid doped polybenzimidazole (H3PO4/PBI) is a 

successful membrane system that possesses excellent thermo-chemical stability and 

mechanical properties and good proton conductivity when doped with H3PO4 at 

elevated temperature (200°C) (Zhai et al., 2007). 

 

 

This study proposes the electrochemical water gas shift reaction (EWGSR) to 

convert the CO into CO2 using the electrochemical CO converter which is modified 

from PEM-FC as a low level hydrogen gas purification system before the gas feed to 

a LT-PEMFCs.  In addition, the electrochemical CO converter uses the Pt-Pd alloy as 

the electrocatalyst and H3PO4/PBI as the membrane of electrochemical CO 

converter.  Huang et al., (2006) also studied the EWGSR which was modified from 

PEM-FC to convert CO to CO2.  However, with Pt as the electrocatalyst and Nafion 

as the membrane at room temperature without elevating any operating conditions.  

love
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Oettel et al., (2012) used the EWGSR to study the combined generation and 

separation of hydrogen using H3PO4/PBI membrane as the electrolyte and Pt or PtRu 

as the electrocatalyst at operating temperatures of 130°C and 150°C.  This study aims 

to improve on the materials used as it affects the operating cost, where the use of PBI 

membrane and Pt-Pd alloy is because it is cheaper by reducing the consumption of 

Pt.  Other than that, the operating conditions are manipulated as to optimize the 

performance of the reactor. 

 

 

 

 

1.3 Research Objective  

 

 

 Based on the background of the study and the problem statement addressed, 

the objective of this study is to purify the hydrogen by converting the carbon 

monoxide (CO) presence from hydrogen-rich gas into carbon dioxide (CO2) by the 

electrochemical water gas shift reaction (EWGSR) process from electrochemical CO 

converter which is modified from PEM fuel cell, which can be detailed as: 

 

 

i. To obtain the best treatment condition for phosphoric acid doped PBI 

membrane for this system 

 

ii. To find the best anode catalyst ratio between Pt and Pd 

 

iii. To investigate the effect of operating parameters on conversion of CO 

such as flow rate of CO/H2 gas, voltage supplied, and operating 

temperature 
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1.4 Research Scope 

 

 

 In order to achieve the objective of the research described in section 1.3, the 

following scopes are defined: 

 

 

i. The treatment of the polybenzimidazole (PBI) membrane in phosphoric 

acid (H3PO4) solution using two different acid conditions such as soaked 

into 85 wt.% H3PO4 for 14 days and soaked in 5 M H3PO4 for 3.5 hours at 

80°C. 

 

ii. The characterization of polybenzimidazole (PBI) membrane was analyzed 

by using the electrochemical impedance spectroscopy (EIS) and the 

fourier transform infrared spectroscopy (FTIR) analyzer. 

 

iii. The preparation of anode catalyst by varying the ratio (1:0), (1:1), (1:2), 

(1:3) and (1:4) between platinum (Pt) and palladium (Pd) with 20 wt. % 

of total metal. 

 

iv. The characteristics of anode catalyst surface preparation is observed by 

using the scanning electron microscopy (SEM), x-ray diffraction (XRD) 

and Brunauer, Emmett and Teller (BET). 

 

v. The operating parameter evaluation such as, flow rate of CO/H2 gas (50-

150 sccm), voltage supplied (0.6-0.8V) and temperature (28°C-200°C) 

towards the removal of carbon monoxide. The CO analyzer was used for 

measurement. 
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1.5 Significant of Study 

 

 

Nafion based membrane fuel cells operate at its best at 80 °C to generate 

electrical energy with pure hydrogen used as the anode feed gas (Boaventura and 

Mendes, 2010).  A carbon monoxide removal system which is electrochemical CO 

converter based on the EWGSR is proposed in order to use industrial-grade hydrogen 

gas for PEM-FC to generate the electrical energy.  The existence of electrochemical 

CO converter as the CO removal system can reduce the cost by generating electrical 

energy as the high purity of hydrogen is much more expensive.  This electrochemical 

CO converter can be used for on board or off board because the operating 

temperature can be both high and low due to the use of PBI membrane as the 

electrolyte.  This system also can be applied as the purification system for the recycle 

stream from the exhaust gas from the fuel cell.  This study can be one of the 

references for future research because of the never ending poisonous effect of CO 

towards the fuel cell performance.  The study on reducing the CO concentration from 

hydrogen-rich gas is still valid as the application of fuel cell technology is 

developing rapidly. 

 

 

 

 

1.6 Thesis Outline 

 

 

This thesis is divided into five chapters; where the chapter 1 covers the 

background, problem statement, objective, scope and significance of the study as to 

lead towards the aims of the research in which to reduce the carbon monoxide 

content from hydrogen-rich gas to a tolerable value.  The literature review is 

discussed in the chapter 2, findings from the previous research are included in the 

current knowledge for both theory and methodology based upon the title of the 

thesis.  While for chapter 3, it is about the methodology which involves the method 

on catalyst preparation, sample assembles, summary of research and experimental  

love
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flow diagram.  The discussion about the results obtained from a series of experiment 

is presented in chapter 4 and chapter 5 is the conclusion from the finding of the 

research study and some recommendations for the improvement of the research 

interest. 
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