
T H E O R E T IC A L  BACKGROUND AND L IT E R A T U R E  R E V IE W
CHAPTER II

2.1 Fuel cells

2.1.1 Basics o f Fuel Cell Technology
Fuel Cell is an electrochemical device that produces electricity by se­

parating the fuel via a catalyst. Hydrogen gas is the basic fuel, but fuel cell required 
oxygen as well. Every fuel cell has two electrodes, one negative and one positive, 
named respectively, the cathode and anode. And every fuel cell also has an electro­
lyte, which conducts the ionic charges between the anode and the cathode, in other 
words, it allows the flow of electrons in order to create electricity, as illustrated in 
Figure 2.1. The electrolyte also provides a physical barrier to prevent the fuel and 
oxidant gas streams from directly mixing. As long as the reactants— pure hydrogen 
and— oxygen are supplied, the fuel cell will continue to generate power.
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Figure 2.1 Fuel-cell unit and fuel processing (Holland e t  a l . , 2007).

Fuel cells come in many varieties; still, they all function in the same 
general manner. They consist o f three segments which are sandwiched together, that 
are the anode, the electrolyte, and the cathode.
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There is no other energy generation technology offers the combination 
o f advantages that a fuel cell does. The advantages include that, it can work at effi­
ciencies two to three times o f the fuel burning engine and it also needs no moving 
parts. Moreover, as it converts the fuel (hydrogen) and oxygen to electrical energy 
directly, the only by-products are heat and water. Plus, this waste heat from a fuel 
cell can be used to provide hot water or space heating for a home or office. Without 
combustion, hydrogen fuel cell systems are also virtually pollution free.

2.1.2 Type o f Fuel Cells
There are a variety o f fuel cells types. And each type o f fuel cells is in 

different stages o f development. Fuel cells can be separated into various categories, 
according to the type o f electrolyte, the combination o f type o f fuel and oxidant, the 
temperature o f operation, whether the fuel is processed outside (external reforming) 
or inside (internal reforming) the fuel cell, and etc.

The most common classification o f fuel cells is by the type o f electro­
lyte used in the fuel cells and includes Proton exchange membrane (polymer) electro­
lyte fuel cell (PEMFC), Alkaline fuel cell (AFC), Phosphoric acid fuel cell (PAFC), 
Molten carbonate fuel cell (MCFC), and Solid oxide fuel cell (SOFC), as shown in 
Table 2.1.

Proton exchange membrane (polymer) electrolyte fuel cells 
(PEMFCs) are being used in different applications, mainly for prime power for fuel 
cell vehicles (FCVs). As a result o f the high interest in FCVs and hydrogen, PEMFC 
has become the most promising fuel cell compare to all other types o f  fuel cell in the 
past decade. Even though significant development o f PEMFC for stationary applica­
tions has been taken place, many researchers and developers are now concentrating 
on automotive and portable applications.
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T able 2.1 Comparison o f the fuel cell technologies (Blake e t  a l . , 2010)

Fuel Cell 
Type

O perating
T em p eratu re

E lectrical
Efficiency

A pplications

Polymer
Electrolyte
membrane

(PEM)

6 0 - 1 0 0 °c
140-212°F 53-58%

• Backup power
• Portable power
• Transportation
• Small distributed generation
• Specialty vehicles

Alkaline
(AFC)

9 0-100°c 
194-212°F 60%

• Space
• Military

Phosphoric 
Acid (PAFC)

175-200°c
347-392°F >40% • Distributed generation

Molten
Carbonate
(MCFC)

6 0 0 - 1 0 0 0 ° c
1112-1832°F 45-17% • Electric utility

• Large distributed generation

Solid Oxide 
(SOFC)

6 0 0 - 1 0 0 0 °c
1112-1832°F 35-43%

• Auxiliary power
• Electric utility
• Large distributed generation

2.2 H ydrogen Fuel

In today’s world, hydrogen gas is used primarily for producing chemicals, 
but a bright future is expected for it as a vehicle fuel in combination with fuel cells. 
However, to utilize hydrogen as a future alternative fuel, both the advantages and 
disadvantages o f hydrogen fuel have to be considered.

2.2.1 Advantages and Disadvantages o f Hydrogen Fuel
The advantages o f hydrogen, as a fuel, are as follow:
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• Hydrogen is a very clean fuel that produces minimal emissions when com­
busted directly or in combination with hydrocarbon fuels.

• Hydrogen can be produced anywhere in the world.
• If Hydrogen is used in place o f fuel, hydrogen fuel cells will cost a lot less 

than fdling up a tank o f gasoline.
• When hydrogen is used in a fuel cell, the only byproducts are heat and water.
• There will be less dependence on foreign oil for gasoline.
• Use o f hydrogen energy will cut down on atmospheric pollution.

In spite o f the advantages o f hydrogen fuel, there are also several
disadvantages o f hydrogen, as a fuel. The disadvantages o f  hydrogen fuel are
given below.

• It costs more energy to produce Hydrogen than is earned from it.
• Now hydrogen is generally separated by a reforming process that uses fossil 

fuels and natural gas. Plus the supplies o f natural gas are becoming harder to 
obtain, and coal is a major source o f pollution.

• Currently, the technology to produce, store, and transport hydrogen power at 
an efficient cost is not available.

• The hydrogen fuel cell car has to be at a certain temperature to perform well. 
There might be a problem with a hydrogen fuel cell car if  it is used in an area 
where the temperature is very low. Since these cars have water in the fuel cell 
system constantly, there is a risk it could freeze.

• Hydrogen is highly explosive.

2.2.2 Hydrogen Production Processes
Hydrogen fuel does not occur naturally on earth; therefore, it is not an 

energy source, but it is an energy vector or carrier. This suggests that it has to be 
produced from one o f the primary energy sources, such as fossil fuels, nuclear, and 
renewable energy resources, as illustrated in Figure 2.2.
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Figure 2.2 H y d r o g e n  p r o d u c t io n  p a th
( h t t p : / /w w w .f s e c .u c f .e d u / e n /c o n s u m e r / h y d r o g e n / b a s i c s / p r o d u c t i o n .h t m )

A n d  fr o m  th e  f ig u r e  a b o v e ,  w e  c a n  s e e  th a t  h y d r o g e n  c a n  b e  m a n u f a c ­
tu r e d  b y  a  n u m b e r  o f  w a y s .  H o w e v e r ,  th e  d o m in a n t  t e c h n o l o g y  fo r  d ir e c t  p r o d u c t io n  

o f  h y d r o g e n  i s  s t e a m  r e fo r m in g  o f  h y d r o c a r b o n s  ( M e t h a n e ,  M e t h a n o l ,  E t h a n o l) .

2.2.2.1 Steam  R eform ing
S t e a m  r e f o r m in g  ( S R )  i s  a ls o  k n o w n  a s  s t e a m  r e f o r m in g  o f  

m e t h a n e  ( S R M )  a n d  i s  th e  m o s t  c o m m o n  p r o c e s s  t o  p r o d u c e  a  c o m m e r c ia l  b u lk  o f  

h y d r o g e n .  S t e a m  r e f o r m in g  i s  a  th e r m a l p r o c e s s .  T h is  p r o c e s s  a l l o w s  c a t a ly t ic  r e a c ­
t io n  t o  ta k e  p la c e  th a t  c o n v e r t s  s t e a m  a n d  l ig h t e r  h y d r o c a r b o n s  s u c h  a s  n a tu ra l g a s  

( m e t h a n e )  o r  r e f in e r y  f e e d s t o c k  in to  h y d r o g e n  a n d  c a r b o n  m o n o x i d e  ( s y n g a s )  a t th e  

t e m p e r a tu r e  o f  7 0 0 - 1 1 0 0 ° c .  T h e  c h e m ic a l  e q u a t io n  o f  t h is  r e a c t io n  i s  a s  s h o w n  b e ­
l o w .

C H 4 +  H 20  - *  C O  +  3 H 2 ( 2 .1 )

A n d  i f  th e r e  is  e x c e s s  w a te r  in  th e  p r o c e s s ,  s y n g a s  w i l l  r e a c t  

fu r th e r  to  g i v e  m o r e  h y d r o g e n  a n d  c a r b o n  d i o x id e  in  th e  s e c o n d a r y  r e a c t io n ,  w h ic h  is

http://www.fsec.ucf.edu/en/consumer/hydrogen/basics/production.htm
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T h e  f ir s t  r e a c t io n  ( E q u a t io n  2 .1 )  is  s t r o n g ly  e n d o t h e r m ic  ( c o n ­
s u m e s  h e a t ) ,  th e  s e c o n d  r e a c t io n  ( E q u a t io n  2 .2 )  i s  m i ld ly  e x o t h e r m ic  (p r o d u c e s  h e a t ) .  
A n d  b o th  o f  th e  r e a c t io n s  a re  r e v e r s ib le  in  n a tu r e .

T h e  p r o d u c e d  c a r b o n  d i o x id e s  a re  r e m o v e d  b e f o r e  u s e  b y  

m e a n s  o f  p r e s s u r e  s w in g  a d s o r p t io n  ( P S A )  w it h  m o le c u la r  s i e v e s  f o r  th e  f in a l  p u r if i ­
c a t io n .  T h e  P S A  w o r k s  b y  a b s o r b in g  a ll  im p u r it ie s  f r o m  th e  s y n g a s  s tr e a m  to  l e a v e  a  

p u r e  h y d r o g e n  g a s .

2.2.2 .2  P artia l O xidation (POX)
P a r tia l o x id a t io n  i s  u s e d  in  r e f in e r ie s  fo r  th e  c o n v e r s io n  o f  

l ig h t  g a s  ( M e t h a n e )  o r  r e s id u e s  ( l iq u id ,  h ig h ly  v i s c o u s  h y d r o c a r b o n s )  in to  h y d r o g e n ,  
C O , C 0 2, a n d  w a te r .  T h e  p a r t ia l o x id a t io n  r e a c t io n  o c c u r s  w h e n  t h e  h y d r o c a r b o n  is  

c o m b u s t e d  w i t h  th e  l im i t e d  a m o u n t  o f  o x y g e n ,  in  o th e r  w o r d s  it  i s  p a r t ia l ly  o x id iz e d  

in  a  r e fo r m e r . T h e  p a r t ia l o x id a t io n  r e fo r m a t io n  c a n  b e  a c c o m p l i s h e d  e i th e r  w i t h  a  

b u r n e r  o r  a  c a t a ly s t .  T h e  g e n e r a l  c h e m ic a l  e q u a t io n  o f  th e  p a r t ia l  o x id a t io n  c a n  b e  

d e s c r ib e d  a s  f o l l o w s .

called the water gas shift reaction. The reaction is performed at about 130°c. The
reaction can be described in the following equation.

CO + H20  -*  C 0 2 + H2 (2.2)

C nH m +  n /2  0 2 —► ท C O  +  m /2  H 2 ( 2 .3 )

T h e  p a r t ia l o x id a t io n  r e a c t io n  is  a n  e x o t h e r m ic  (h e a t -  

p r o d u c in g )  p r o c e s s .  S o ,  t h is  r e a c t io n  d o e s  n o t  r e q u ir e  a  c o n s t a n t  s u p p ly  o f  a d d it io n a l  

h e a t ,  l ik e  th e  s t e a m  r e f o r m in g  r e a c t io n . T h u s ,  t h is  r e a c t io n  h a s  a  h ig h e r  o v e r a l l  e f f i ­
c i e n c y  c o m p a r e d  to  th a t  o f  th e  s t e a m  r e f o r m in g  r e a c t io n .

2.2.2 .3  A u to therm al R eform ing (ATR)
A  th ir d  p r o m is in g  m e t h o d  fo r  p r o d u c in g  h y d r o g e n ,  o f t e n  r e ­

fe r r e d  to  a s  a u to th e r m a l  r e f o r m in g  ( A T R ) .  T h is  t e c h n iq u e  c o m b i n e s  p a r t ia l o x id a t io n  

a n d  s t e a m  r e f o r m a t io n ,  w i t h  th e  p a r t ia l o x id a t io n  r e a c t io n  p r o v id in g  h e a t  fo r  s te a m .
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A u t o t h e r m a l  r e f o r m in g  p r o d u c e s  s y n g a s  b y  u s i n g  o x y g e n  a n d  c a r b o n  d i o x id e  or  

s t e a m  in  a  r e a c t io n  w i t h  m e t h a n e .  M e t h a n e  is  p a r t ia l ly  o x i d i z e d  in  a  s in g le  c h a m b e r ,  
w h e r e  th e  r e a c t io n  t a k e s  p la c e .

W h e n  th e  A T R  u s e s  c a r b o n  d i o x id e ,  th e  H 2 to  C O  r a t io  p r o ­
d u c e d  i s  1 :1 . A n d  w h e n  th e  A T R  u s e s  s t e a m , t h e  H 2 to  C O  r a t io  p r o d u c e d  is  2 .5 : 1 .  
T h e  r e a c t io n s  c a n  b e  e x p la in e d  in  th e  c h e m ic a l  e q u a t io n s  b e l o w ,  u s i n g  C 0 2:

2 C H 4 +  0 2 +  C 0 2 - * 3 H 2 +  3 C O  +  H 20  +  H e a t  ( 2 .4 )

A n d  u s in g  s te a m :

4 C H 4 +  0 2 +  2 H 20  — H 0 H 2 +  4 C O  ( 2 .5 )

T h e  o u t le t  te m p e r a tu r e  o f  th e  s y n g a s  is  in  th e  r a n g e  o f  9 5 0 -  

1100°c a n d  o u t le t  p r e s s u r e  c a n  b e  a s  h ig h  a s  100 b ar.
A T R  is  d i f f e r e n t  fr o m  th e  s t e a m  r e f o r m in g  p r o c e s s  a s  th e  

s t e a m  r e f o r m in g  p r o c e s s  n e e d s  n o  o x y g e n  b u t A T R  r e q u ir e  th e  u s e  o f  o x y g e n .  H o w ­
e v e r ,  t h e  a d v a n t a g e  o f  A T R  i s  th a t  th e  H 2 to  C O  r a t io  c a n  b e  v a r ie d .  B e s i d e s  th is  is  

p a r t ic u la r ly  u s e f u l  fo r  m a n u f a c t u r in g  c e r ta in  s e c o n d  g e n e r a t io n  b i o f u e l s ,  s u c h  a s  

D M E  w h i c h  n e e d s  a  1:1 H 2 to  C O  r a tio .

2 .2 .2 3  E lectro lysis o f  Water
T h e  o th e r  c o n v e n t io n a l  t e c h n iq u e  in  p r o d u c in g  h y d r o g e n  is  

e l e c t r o l y s i s .  T h e  e l e c t r o l y t i c  p r o c e s s  d e c o m p o s e s  w a t e r  in to  i t s  t w o  b a s ic  c o m p o ­
n e n t s ,  h y d r o g e n  a n d  o x y g e n .  E le c t r ic a l  c u r r e n t  i s  a p p l ie d  o r  b e in g  p a s s  th r o u g h  w a te r .  
T h e  c u r r e n t  e n t e r s  t h e  e l e c t r o l y s i s  d e v i c e  t h r o u g h  a  n e g a t i v e l y  c h a r g e d  e le c t r o d e ,  a  

c a t h o d e .  S u b s e q u e n t ly  th e  c u r r e n t  p a s s e s  t h r o u g h  th e  w a te r ,  a n d  l e a v e s  th r o u g h  a  p o ­
s i t i v e l y  c h a r g e d  e l e c t r o d e ,  a n  a n o d e .  H y d r o g e n  i s  th e n  d e v e l o p e d  a n d  c o l l e c t e d  a t th e  

c a t h o d e ,  w h e r e a s  t h e  o x y g e n  i s  c o l l e c t e d  at th e  a n o d e .
T h e  e q u a t io n s  o f  th e  r e a c t io n s  o c c u r r e d  a t th e  c a t h o d e  a n d  th e  

a n o d e ,  a re  g iv e n  b e lo w .
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C a t h o d e  ( r e d u c t io n ) :  2  H 20  ([) +  2 e ” —» H 2 ( g )  +  2  O H ' ( a q )  ( 2 .7 )
A n o d e  ( o x id a t io n ) :  4  O H ' (aq) —> 0 2 ( g )  +  2  H 20  (l) +  4  e  ( 2 .8 )

C o m b in in g  th e  h a l f  r e a c t io n  p a ir  y i e l d s  t h e  o v e r a l l  d e c o m p o s i ­
t io n  o f  w a te r  in to  o x y g e n  a n d  h y d r o g e n :

2  H 20  ( / )  —* 2  H 2 ( g )  +  0 2 ( g )  ( 2 .9 )

T h u s , th e  n u m b e r  o f  th e  p r o d u c e d  h y d r o g e n  m o l e c u l e s  i s  t w ic e  

th e  n u m b e r  o f  th e  p r o d u c e d  o x y g e n  m o le c u l e s .  A n d  a s s u m in g  a t a n  e q u a l  te m p e r a ­
tu r e  a n d  p r e s s u r e  fo r  b o th  th e  g a s e s ,  th e  v o lu m e  o f  h y d r o g e n  p r o d u c e d  i s  a ls o  t w ic e  

th e  v o lu m e  o f  th e  o x y g e n  p r o d u c e d .

2 .3  G as T r e a tm e n t

N o w a d a y s ,  th e r e  a re  m a n y  m e t h o d s  u s e d  in  r e m o v i n g  im p u r it y  g a s e s  fr o m  

th e  d e s ir e d  p r o d u c t  g a s ,  fo r  e x a m p l e s ,  P S A  ( h t t p : / /w w w .g a s - p la n t s .c o m /p r e s s u r e -  

s w in g - a d s o r p t io n .h t m ) , a n d  P r e fe r e n t ia l  O x id a t io n .

2 .3 .1  P r e s s u r e  S w i n g  A d s o r p t io n  ( P S A )
P r e s s u r e  s w in g  a d s o r p t io n  ( P S A )  t e c h n o l o g y  i s  c o m m o n l y  u s e d  in  g a s  

p r o d u c t io n  a n d  it i s  s u i t a b le  fo r  th e  m a n y  d i f f e r e n t  a p p l i c a t io n s  in  th e  r e f in in g ,  p e tr o ­
c h e m ic a l ,  c h e m ic a l ,  a n d  i r o n / s t e e l - m a k in g  in d u s tr y . H o w e v e r ,  o n e  th e  m a jo r  p u r p o s e  

o f  th e  P S A  i s  to  s e p a r a te  s o m e  g a s  s p e c i e s  f r o m  a c c o m p a n ie d  g a s e s  m ix t u r e ,  o r  in  

o th e r  w o r d s ,  to  p u r i f y  s o m e  g a s  s p e c ie s  u n d e r  p r e s s u r e  a c c o r d in g  to  th e  s p e c ie s '  m o ­
l e c u la r  c h a r a c t e r i s t ic s  a n d  a f f in i t y  fo r  a n  a d s o r b e n t  m a te r ia l .  D i f f e r e n t  g a s  s p e c ie s  a re  

l i k e l y  to  g e t  a t tr a c te d  to  d i f f e r e n t  a d s o r b e n t s ,  m o r e  o r  l e s s  s t r o n g ly .  T h e  h ig h e r  th e  

p r e s s u r e ,  th e  m o r e  g a s  i s  a d s o r b e d  in  a  f i x - b e d .  A n d  w h e n  th e  p r e s s u r e  i s  r e d u c e d ,  
th e  g a s  is  r e le a s e d .

T h is  p r o c e s s  c a n  b e  u s e d  fo r  r e c o v e r y  a n d  p u r i f ic a t io n  o f  h y d r o g e n  

f r o m  a  w i d e  r a n g e  o f  g a s e s  s t r e a m s . T h e  P S A  p r o c e s s  i s  a n  a d ia b a t ic  p r o c e s s .  T h e  

P S A  p r o c e d u r e  i s  a s  f o l l o w s .

http://www.gas-plants.com/pressure-swing-adsorption.htm
http://www.gas-plants.com/pressure-swing-adsorption.htm
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•  T h e  im p u r e  f e e d s t o c k  g a s  i s  p a s s e d  in to  a  c y l in d e r  a t  h ig h  p r e s s u r e .

•  T h e  c y l in d e r  h o l d s  b e a d s  o f  a d s o r b e n t  m a te r ia l .

•  T h e  im p u r it ie s  in  th e  f e e d  g a s  ( f o r  e x a m p le  c a r b o n  d i o x id e )  a re  a ttr a c te d  o r  

a d s o r b e d  o n t o  th e  in te r n a l  s u r f a c e s  o f  th e  a d s o r b e n t  b e a d s .

•  H y d r o g e n  i s  l e f t  in  th e  v e s s e l ,  m o s t  o f  w h i c h  i s  r e m o v e d  a s  p u r i f ie d  h y d r o g e n  

p r o d u c t .

•  T h e n  t h e  p r e s s u r e  in  th e  c y l in d e r  i s  r e d u c e d ,  a n d  t h e  im p u r it ie s  a r e  r e le a s e d  

f r o m  t h e  a d s o r b e n t  m a te r ia l.

T h e  m a in  a d v a n t a g e s  o f  a  P S A  p r o c e s s  a r e  th a t  it  c a n  p r o d u c e  p r im a r y  

H 2 p r o d u c t  a t a  p u r ity  o f  9 9 .9 9 9 %  a n d  r e c o v e r y  u p  to  9 0 % , a t th e  s a m e  t im e  it  a ls o  

p r o d u c e  s e c o n d a r y  C O 2 p r o d u c t  a t a  p u r ity  o f  9 9 .4 %  w i t h  a  r e c o v e r y  o f  9 4 % . A n o t h ­
e r  a d v a n t a g e  o f  t h e  p r o c e s s  i s  a b s e n c e  o f  la r g e  a m o u n t s  o f  C O 2 in  th e  w a s t e  g a s  (d u r ­
in g  b l o w  d o w n  a n d  p u r g e  s t e p s )  m a k in g  it  a  fu e l  g a s  o f  h ig h  c a l o r i f i c  v a lu e .

2 . 3 .2  P r e fe r e n t ia l  O x id a t io n  o r  S e l e c t i v e  O x id a t io n  o f  C O
A s  w e l l  k n o w n ,  th e  r e s e a r c h  in  f u e l  c e l l s ,  e s p e c i a l l y  in  th e  p o r ta b le  

a n d  tr a n s p o r ta t io n  a p p l i c a t io n s ,  h a s  b o o m e d  in  th e  la s t  f e w  y e a r s  b e c a u s e  o f  th e ir  

h ig h  p o w e r  d e n s i t y  a n d  e n v ir o n m e n t a l  f r ie n d ly .  T h e  p r o t o n - e x c h a n g e  m e m b r a n e  fu e l  

c e l l  ( P E M F C )  i s  p r e d ic t e d  a s  o n e  o f  th e  m o s t  p r o m is in g  fo r  t h e s e  a p p l ic a t io n s .  B u t  

fo r  th e ir  p r o p e r  o p e r a t io n ,  th e  C O  c o n t e n t  o f  h y d r o g e n  s t r e a m  a f te r  h y d r o c a r b o n  fu e l  

r e f o r m in g  a n d  w a t e r - g a s - s h i f t  r e a c t io n s  m u s t  n o t  e x c e e d  1 0  p p m , o r  e l s e  th e  c a t a ly s t  

in  P E M F C  c a n  b e  d e te r io r a te d . T h is  c a n  b e  a c h ie v e d  b y  u s i n g  th e  p r e fe r e n t ia l  o x id a ­
t io n  m e t h o d ,  in  o r d e r  to  o x i d i z e  C O  in  th e  e x c e s s  o f  h y d r o g e n  w i t h  t h e  p r e s e n c e  o f  a  

s u i t a b le  c a t a ly s t .
A  s u i t a b le  c a t a ly s t ,  f o r  th e  p r e fe r e n t ia l  C O  o x id a t io n  r e a c t io n  ( P R O X )  

in  e n r ic h - H 2 g a s  m ix t u r e s  fo r  th e  p r o d u c t io n  o f  C O - f r e e  h y d r o g e n  f o r  f u e l  c e l l  s y s ­
t e m s ,  i s  r e q u ir e d . H ig h  r e a c t io n  r a te , h ig h  s e l e c t i v i t y  w i t h  r e s p e c t  to  th e  u n d e s ir e d  

s id e  r e a c t io n s ,  a n d  s t a b i l i t y  t o w a r d s  d e a c t iv a t io n  a re  t h e  m o s t  im p o r ta n t  r e q u ir e m e n ts
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fr o m  a c a t a ly s t  ( M a n z o l i  et a l . , 2 0 0 8 ) .  A n d  th e  f o l l o w i n g  c h e m ic a l  e q u a t io n s  a re  th e  

d e s ir e d  a n d  u n d e s ir e d  r e a c t io n s  f o r  P R O X  o f  C O  in  t h e  p r e s e n c e  o f  e x c e s s  h y d r o g e n  

f e e d .

D e s ir e d  r e a c t io n :  C O  +  V2O 2 ---------- ►  C Û 2 ( 2 .1 4 )
บ ท d e s ir e d  r e a c t io n :  แ 2 +  V2O 2 ---------- ►  บ 2 0  ( 2 .1 5 )

2.4  P r o p e r tie s  o f  G o ld

G o ld  i s  a  c h e m ic a l  e l e m e n t  th e r e fo r e  it  c a n  o n l y  b e  f o u n d ,  n o t  m a n u fa c tu r e d . 
T h e  s y m b o l  th a t  r e p r e s e n t s  g o ld ,  in  c h e m is t r y ,  i s  A u '  P u r e  g o ld  h a s  a  b r ig h t  s h in y  

y e l l o w  in  c o l o r  a n d  s t i l l ,  it  m a in t a in s  w i t h o u t  o x i d i z i n g  in  w a t e r  o r  e v e n  a ir . B e c a u s e  

o f  i t s  b e a u t y  a n d  a t t r a c t iv e n e s s ,  it  h a s  b e e n  s e r v e d  a s  a  p r e c io u s  m e t a l ,  j e w e l r y ,  a s  

w e l l  a s  a  s y m b o l  o f  w e a l t h  a n d  a  s to r e  o f  v a lu e  t h r o u g h o u t  h i s t o r y .
A p a r t  fr o m  it s  p r im a r i ly  u s e  a s  a  s to r e  o f  v a lu e ,  g o ld  a l s o  h a s  s o m e  in d u s tr i­

a l u s e s  a r i s in g  fr o m  it s  p h y s ic a l  q u a l i t i e s .  T h e  in d u s tr ia l  u s e s  i n c lu d e  th e  u s e  in  d e n t i ­
s tr y , w h i c h  r e q u ir e  a  h ig h  d e g r e e  o f  r e s i s t a n c e  to  b a c t e r ia l  c o l o n i z a t io n ,  a n d  in  th e  

m a n u fa c tu r e  o f  s o m e  e l e c t r o n ic s  p r o d u c t s ,  w h i c h  r e q u ir e  h ig h  c o r r o s io n  r e s is t a n c e  

p r o p e r ty  o f  g o ld .  T h e  im p o r ta n t  p r o p e r t ie s  o f  g o ld  a re  s h o w n  in  t h e  f o l l o w i n g  ta b le .

T a b le  2 .2  P r o p e r t ie s  o f  g o ld
h t t p : / / w w w .u t i l i s e g o l d .c o m / u s e s _ a p p l i c a t i o n s / p r o p e r t i e s _ o f _ g o l d /

P R O P E R T IE S
A t o m ic  w e i g h t 1 9 6 .9 7

A t o m ic  n u m b e r 7 9

N u m b e r  o f  n a tu r a l ly  o c c u r in g  i s o t o p e s 1

M e lt in g  p o in t  ( ๐บ ) 1 0 6 4

B o i l in g  p o in t  ( ° C ) 2 8 0 0

C r y s ta l  s tr u c tu r e F C C

E le c t r o n ic  c o n f ig u r a t io n [ X e ] 4 / 4 5 J 1(V

http://www.utilisegold.com/uses_applications/properties_of_gold/
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D e n s i t y  ( g e m ' 3) 1 9 .3

T h e r m a l  c o n d u c t iv i t y  ( W n T 'K '1) 3 1 0

E le c t r ic a l  r e s i s t iv i t y  m ic r o - o h m  m  at 2 0 ° c 0 .0 2 2

H a r d n e s s  ( H v ) 2 5

T e n s i l e  s t r e s s  ( M P a ) 1 2 4

E le c t r o d e  p o t e n t ia l  ( v ) + 1 . 6 8

E n e r g y  o f  f ir s t  io n iz a t io n  ( k J .m o l _1) 8 8 8

E n e r g y  o f  s e c o n d  io n iz a t io n  ( k J .m o l _1) 1 9 7 4 .6

G o ld  i s  th e  m o s t  m a l l e a b le  a n d  d u c t i l e  p u r e  m e t a l  k n o w n .  G o ld  i s  a  g o o d  

c o n d u c t o r  o f  e l e c t r i c i t y  a n d  h e a t ,  l ik e  m o s t  o f  th e  m e t a ls .  It i s  a l s o  n o t  a f f e c t e d  b y  

e x p o s u r e  to  a ir  o r  to  m o s t  r e a g e n ts ,  in  o th e r  w o r d s  g o o d  r e s i s t a n c e  to  o x id a t io n  a n d  

c o r r o s io n .  P lu s ,  it  i s  in e r t  a n d  a  g o o d  r e f le c t o r  o f  in fr a r e d  r a d ia t io n .

2 .5  D e p o s it io n -p r e c ip ita tio n  (D P )

T h e r e  a r e  m a n y  t e c h n iq u e s  th a t  c a n  b e  u s e d  in  p r e p a r in g  c a t a ly s t ,  s u c h  a s  

c o - p r e c ip i t a t io n ,  im p r e g n a t io n ,  a n d  d e p o s i t io n - p r e c ip i t a t io n .  H o w e v e r ,  o n e  o f  th e  

m o s t  c o m m o n  u s e d  t e c h n iq u e s  is  d e p o s i t io n - p r e c ip i t a t io n  m e t h o d ,  in  w h i c h  h ig h  c a t ­
a ly t ic  a c t iv i t y  fo r  o x id a t io n  o f  C O  at a  t e m p e r a tu r e  a s  l o w  a s  -73°c i s  o b s e r v e d  (H a -  

ru ta  et al., 2 0 0 1 ) .  S h im a d a  et al. ( 2 0 1 0 )  e x a m in e d  th e  i n f l u e n c e  o f  th e  p r e p a r a t io n  

m e t h o d s  fo r  P t / C e 0 2  a n d  A u / C e 0 2  c a t a ly s t s  in  C O  o x id a t io n ,  s t i l l  th e  m e a n  p a r t ic le  

s i z e s  o f  th e  m e t a l  p a r t ic le s  in c r e a s e s  in  th e  o r d e r  o f  d e p o s i t io n - p r e c ip i t a t io n  >  s o l id  

g r in d in g  >  im p r e g n a t io n .  A n d  th e  p a r t ic le  s h a p e  o f  A u  is  h e m is p h e r ic a l  w i t h  th e  u s e d  

o f  d e p o s i t io n - p r e c ip i t a t io n  t e c h n iq u e ,  o n  th e  o th e r  h a n d  th e  p a r t ic le  s h a p e  o f  A u  is  

s p h e r ic a l  w i t h  th e  u s e d  o f  s o l i d  g r in d in g  a n d  im p r e g n a t io n .  A v g o u r o p o u lo s  et al. 
( 2 0 0 6 )  a l s o  p o in t e d  o u t  th a t  th e  d e p o s i t io n - p r e c ip i t a t io n  i s  a  s u i t a b le  w a y  t o  p r e p a r e  

c a t a ly s t  fo r  C O  o x id a t io n  b e c a u s e  it  a l l o w s  a  la r g e r  f r a c t io n  o f  n a n o  s i z e d  g o ld  a n d  

c o p p e r  s p e c ie s  to  b e  e x p o s e d  o n  th e  c a t a ly t ic  s u r f a c e .  P lu s ,  G r is e l  et al. ( 2 0 0 0 )  re -
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2 .6  L itera tu re  R ev iew

T h e  a t t e n t io n  in  u s in g  A u  a s  a  c a t a ly s t  h a s  s ta r te d  to  in c r e a s e  s ig n i f ic a n t ly  

fr o m  th e  t im e  w h e n  H a r u ta  et al. ( 1 9 8 9 )  r e v e a le d  th a t  s u p p o r te d  g o ld  c a t a ly s t s  a re  

q u it e  a c t iv e  fo r  o x i d i z i n g  C O  a t l o w  te m p e r a tu r e  r a n g e . H o w e v e r ,  th e  a c t iv i t y  o f  th e  

A u  c a t a ly s t  a l s o  d e p e n d e d  o n  m a n y  fa c to r s ,  fo r  e x a m p l e ,  p r e p a r a t io n  m e th o d ,  
c a lc in a t io n  t e m p e r a tu r e ,  c o n c e n t r a t io n  o f  C O  a n d  H 2 O , a n d  m o s t  im p o r ta n t ly  th e  

t y p e s  o f  s u p p o r t s  u s e d .
G r is e l  et al. ( 2 0 0 2 )  s tu d ie d  o n  th e  o x id a t io n  o f  C O  o v e r  A u / M g 0 x/ A l 2 0 3  

m u lt i - c o m p o n e n t  c a t a ly s t s  in  a  H 2- r ic h  e n v ir o n m e n t .  T h e  r e s u l t  s h o w e d  th a t  

A u / M 0 x/ A l 2 0 3  w a s  a b le  to  o x id iz e  C O  in  th e  e x c e s s  o f  H 2 a n d  a t  th e  te m p e r a tu r e  

a p p r o p r ia te  fo r  f u e l  c e l l  a p p l ic a t io n s .  T h e  a d d it io n  o f  M g O  im p r o v e d  b o th  l o w  t e m ­
p e r a tu r e  o x id a t io n  o f  C O  a n d  H 2 . P lu s ,  th e  p r e s e n c e  o f  M n O x a n d  F e O x in  

A u / M g 0 / A l 2 0 3  a d d it io n a l ly  im p r o v e d  C O 2 s e l e c t i v i t y  a n d  a ls o  e n h a n c e d  l o w  t e m ­
p e r a tu r e  o x id a t io n  o f  C O . N e v e r t h e l e s s ,  th e  s tu d y  b a s e d  o n  d e c r e a s in g  o f  H 2 o x id a ­
t io n  s h o u ld  b e  f o c u s e d .

G r is e l  et al. ( 2 0 0 0 )  in v e s t ig a t e d  th e  in f l u e n c e  o f  th e  p r e p a r a t io n  o f  A I /A I 2 O 3 

o n  C H 4 o x id a t io n  a c t iv it y .  T h e  c o n c lu s io n  w a s  th a t  th e  c a t a ly s t  o b t a in e d  fr o m  h o m o ­
g e n e o u s  d e p o s i t io n - p r e c ip i t a t io n  w a s  th e  b e s t  p e r f o r m in g  c a t a ly s t ,  f o r  th e  r e a s o n  th a t  

h o m o g e n e o u s  d e p o s i t io n - p r e c ip i t a t io n  le a d s  to  th e  s m a l l e s t  a v e r a g e  p a r t ic le  s i z e  ( 3 - 5  

n m ) . T h is  id e a  i s  a ls o  s u p p o r te d  b y  S a k u r a i  et al. ( 2 0 0 5 ) .  T h e y  f o u n d  th a t  th e  m a jo r i ­
ty  o f  th e  g o ld  p a r t ic le s  d i s p e r s e d  o n  th e  C e Û 2 s u p p o r t , w h i c h  w a s  p r e p a r e d  b y  d e p o ­
s i t io n - p r e c ip i t a t io n  m e t h o d ,  w e r e  3 n m  in  s i z e  (o r  e v e n  s m a l le r ) .  T h e  s tu d y  a ls o  re ­
v e a le d  th a t A u / C e 0 2 w a s  m u c h  m o r e  a c t iv e  th a n  A u / T i Û 2 a n d  P t/C eC > 2 . T h e  im p o r ­
t a n c e  o f  th e  l o w  te m p e r a tu r e  r e d u c ib i l i t y  o f  c e r ia  a n d  th e  p r o m o t io n  e f f e c t  o f  g o ld  

p a r t ic le s  h a s  b e e n  s u g g e s t e d  ( A n d r e e v a  et al., 2 0 0 2 ) .  C o n s e q u e n t l y ,  th is  A u / C e 0 2  

c a t a ly s t  h a s  s ta r te d  to  e a r n  m o r e  in te r e s t  f o r  it s  h ig h  a c t i v i t y  f o r  o x id a t io n  r e a c t io n  at 

l o w  te m p e r a tu r e s .

ported that the deposition-precipitation method leads to the smallest average particles
in their study.
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C e n t e n o  et al. ( 2 0 0 6 )  h a v e  d o n e  th e  c o m p a r a t iv e  s t u d y  o f  A U /A I 2O 3 a n d  

A u / C e 0 2 - A l 20 3  c a t a ly s t s .  D e p o s i t io n - p r e c ip i t a t io n  m e t h o d  w a s  u s e d  to  p r e p a r e  b o th  

th e  t w o  g o ld - c o n t a i n i n g  c a t a ly s t s ,  AU/AI2 O 3 a n d  A u / C e 0 2 - A l 2 0 3 . D i f f e r e n t  c h a r a c te ­
r iz a t io n  t e c h n iq u e s  w e r e  a ls o  u s e d ,  i .e .  X R D ,  F T I R  a n d  T E M . T h e  A 11/ A I 2O 3 s a m p le  

e x h ib i t e d  a  m u c h  l o w e r  c a t a ly t ic  a c t iv i t y  in  th e  o x id a t io n  r e a c t io n  o f  C O  th a n  th a t  o f  

th e  A u / C e 0 2 - A l 2 0 3  s a m p le .  T h is  e f f e c t  w a s  c a u s e d  b y  th e  f o l l o w i n g  p r o p o s i t io n s ,  
w h ic h  w e r e  th e  h ig h e r  d i s p e r s io n  o f  g o ld  o n  C e 0 2/ A l 2 0 3  a s  in  c o m p a r i s o n  t o  A I 2O 3 

a n d  a  s t r o n g  p r o m o t in g  e f f e c t  o f  c e r ia  in  th e  o x id a t io n  o f  th e  A u °  s i t e s  fo r  a d s o r p t io n  

o f  C O . E v i d e n c e  w a s  a l s o  fo u n d  th a t i s o la t e d  A u + s i t e s  w e r e  m o r e  a c t iv e  in  o x id a t io n  

o f  C O  th a n  m e t a l l i c  g o ld  p a r t ic le s .
L u e n g n a r u e m it c h a i  et al. ( 2 0 0 4 )  in v e s t ig a t e d  s e l e c t i v e  c a t a ly t ic  o x id a t io n  o f  

C O  in  th e  p r e s e n c e  o f  H 2 o v e r  A u / C e 0 2 c a t a ly s t  a n d  h a v e  p o in t e d  o u t  th a t  th e  C O  

c o n v e r s i o n  a n d  s e l e c t i v i t y  o f  A u / C e 0 2 in  th e  s t a b i l i t y  t e s t  w e r e  m a in t a in e d  fo r  2  d a y s  

w it h  v e r y  s m a l l  l o s s  o f  a c t iv it y .  F r o m  th is  r e s u lt ,  it c a n  b e  c o n f ir m e d  th a t  th e  

A u / C e 0 2 w a s  q u it e  s t a b le  a s  in  c o m p a r is o n  w i t h  A u / F e 2 0 3 , C u O - C e 0 2, a n d  A u / T i 0 2 

c a t a ly s t s ,  a s  r e p o r te d  b y  K a h lic h  et al. ( 1 9 9 9 ) .  F lo w e v e r ,  th e  in c r e a s in g  in  

c o n c e n t r a t io n  o f  C O 2 a n d  w a te r  v a p o r  in  f e e d s t r e a m  h a d  a  s ig n i f i c a n t  n e g a t iv e  e f f e c t  

o n  th e  a c t iv i t y  o f  t h e  A u / C e 0 2 . T h is  e f f e c t  w a s  d u e  to  th e  a b s o r p t io n  o f  c a r b o n a te  

a n d  b l o c k in g  o f  w a t e r  o n  th e  a c t iv e  s i t e  (L u e n g n a r u e m it c h a i  et a l ,  2 0 0 7 ) .
C a lc in a t io n  t e m p e r a tu r e  a l s o  h a s  a n  e f f e c t  o n  th e  a c t i v i t y  o f  th e  s u p p o r te d  

A u  c a t a ly s t  in  o x id a t io n  o f  C O , a s  r e p o r te d  b y  P a rk  et al. ( 1 9 9 9 ) .  It s h o w e d  th a t  th e  

h ig h e r  t h e  c a lc in a t io n  t e m p e r a tu r e s ,  th e  lo w e r  th e  a c t iv i t y  o f  th e  c a t a ly s t s .  X - r a y  p h o ­
t o e l e c t r o n  s p e c t r o s c o p y  a n d  X - r a y  a b s o r p t io n  f in e  s tr u c tu r e  ( X A F S )  r e s u lt s  s h o w e d  

th a t w h e n  th e  c a lc in a t io n  t e m p e r a tu r e  w a s  in c r e a s e d ,  th e r e  w a s  a  p h a s e  t r a n s i t io n  o f  

g o ld  fr o m  A u ( O H ) 3 th r o u g h  A U 2 O 3 t o  m e t a l l i c  A u  fo r  a ll  c a t a ly s t s .  T h is  s h o w e d  th a t  

o x i d i z e d  g o ld  i s  m o r e  a c t iv e  th a n  m e t a l l i c  g o ld .  T h u s ,  th e  e f f e c t  o f  c a lc in a t io n  

t e m p e r a tu r e  o n  o x id a t io n  s ta te  o f  g o ld  w a s  p r o v e n  to  b e  im p o r ta n t  fo r  th e  a c t iv i t y  o f  

th e  s u p p o r te d  g o ld  c a t a ly s t .
C a t a ly t ic  p e r f o r m a n c e  a n d  c h a r a c t e r iz a t io n  o f  A u /d o p e d - c e r i a  c a t a ly s t s  fo r  

P R O X  o f  C O  w a s  in v e s t ig a t e d  b y  A v g o u r o p o u lo s  et al. ( 2 0 0 8 ) .  T h e  c e r ia  su p p o r t  

w a s  m o d i f i e d  b y  th e  a d d it io n  o f  v a r io u s  c a t io n s  ( i . e .  S m 3+, L a 3+, a n d  Z n 2+). T h e  r e ­
s u lt  w a s  fo u n d  o u t  th a t  d o p in g  o f  c e r ia  a f f e c t e d  th e  p h y s ic o c h e m i c a l  p r o p e r t ie s  a n d
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c a t a ly t ic  p e r f o r m a n c e  in  th e  P R O X  o f  th e  c a t a ly s t s .  T h e  d o p in g  o f  Z n 2+ a n d  S m 3+ to  

th e  A u /c e r ia  c a t a ly s t  w a s  f o u n d  to  b e  m o r e  a c t iv e  th a n  u n d o p e d  c e r ia .  H o w e v e r ,  L a -  

d o p e d  A u /c e r ia  c a t a ly s t  h a d  th e  o p p o s i t e  e f f e c t .  T h e  d is p e r s io n  o f  g o ld  d e p e n d e d  o n  

th e  n a tu r e  o f  th e  d o p a n t s .  T h e  h ig h e s t  d i s p e r s io n  o f  g o ld  w a s  f o u n d  o n  th e  A u /Z e -  

C eC >2 c a t a ly s t ,  w h i l e  th e  g o ld  p a r t ic le  s i z e  w a s  ~ 5  n m  f o r  A u /L a - C e C >2 a n d  3 .5 ^ 4  n m  

fo r  A u /S m - C e C L . A n d  fo r  u n d o p e d  c a t a ly s t ,  b o th  h ig h  d i s p e r s e d  g o ld  c lu s t e r s  ( ~ l n m )  

a n d  la r g e  g o ld  p a r t ic le  ( > 1 0  n m )  w e r e  fo u n d . F u r t h e r m o r e , th e  p r e s e n c e  o f  e x c e s s  

C O 2 in  th e  r e a c ta n t  f e e d  p r o v o k e d  a  d e c r e a s e  in  t h e  a c t iv i t y  o f  a ll  c a ta ly s t s ,  
p a r t ic u la r ly  th e  u n d o p e d  c a t a ly s t .

M a n z o l i  et al. ( 2 0 0 8 )  s t u d ie d  th e  P R O X  o f  C O  in  H 2 -r ic h  g a s  m ix t u r e s  o v e r  

A u /d o p e d  c e r ia  c a t a ly s t s  p r e p a r e d  b y  d e p o s i t io n - p r e c ip i t a t io n .  T h e  d o p a n t s  u s e d  in  

th is  w o r k  w e r e  S m 3+, L a 3+, a n d  Z n 2+. T h e  R a m a n  d a ta  c o l l e c t e d  a lo n g  th e  c h a r a c te r i­
z a t io n  o f  th e  b a r e  s u p p o r ts  p r o v e d  th a t th e r e  w a s  a  c h a n g e  o f  C e 0 2  e n v ir o n m e n t  in  

th e  p r e s e n c e  o f  d o p a n t s  d u e  to  th e  f o r m a t io n  o f  s o l id  s o lu t i o n s ,  p lu s  th e r e  w a s  an  in ­
c r e a s e  in  f o r m a t io n  o f  o x y g e n  v a c a n c i e s  in  th e  la t t ic e  o f  c e r ia .  T h e  F T I R  r e s u lt  v e r i ­
f i e d  th e  im p o r ta n t  r o le  o f  m e t a l l i c  g o ld  p a r t ic le  a n d  a l s o  c o n f ir m e d  th e  d i f f e r e n t  in  

c o n c e n t r a t io n  o f  m e t a l l i c  g o ld  p a r t ic le s  o n  th e  s u r f a c e  o f  A u  c a t a ly s t s .  T h e  f o l lo w i n g  

o r d e r  o f  in t e n s i t y  o f  th e  b a n d  a t 2 1 0 3  cm " 1, a s c r ib e d  t o  C O  a d s o r p t io n  o n  m e t a l l ic  

g o ld  p a r t ic le s  w a s  o b s e r v e d :  A u / Z n - C e 0 2  ~ A u / S m - C e 0 2  >  A u / C e Û 2 >  A u / L a - C e 0 2 . 
A d d i t io n a l l y ,  t h e  d o p in g  o f  c e r ia  h a d  a  u s e f u l  e f f e c t  o n  C O 2 a n d  H 20  to le r a n c e  o f  

d o p e d  g o ld  c a t a ly s t s .
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