
CHAPTER II 
LITERATURE REVIEW

2.1 Membrane Separation Processes

2.1.1 Definition of Membrane
A membrane system is defined as two essentially uniform and 

homogeneous three-dimension fluid phases between which matter and energy 
may be exchanged at rates governed by the properties of a third phase, or 
group of phases, which separates them. This third phase is membrane (Meares, 
1976).

The versatility of polymers as a source of thin and strong films, 
which can have a wide range of chemical and physical properties, has made 
polymer film the natural choice in the search for membranes with selective 
permeability.

Frequently the submicroscopic arrangement of the polymer 
molecules may also be characterized fairly precisely by spectroscopic and 
thermal analysis, by electron and x-ray diffraction, and in other ways.

2.1.2 Types of Membranes
Membranes can be broadly classified into 2 types.

a) Homogeneous Membrane
This type of membrane consists of a single substance or 

stable mixture of substances not separated by internal interfaces and 
constrained within the membrane boundaries. This membrane is uniform in 
any lateral direction but may be non-uniform in the flux direction provided the 
gradients of composition between its faces are everywhere continuous.
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b) Heterogeneous Membrane
This type of membrane consists of a random or ordered 

array of discrete volume elements with different chemical or physical 
properties.

2.1.3 The Basic Membrane Process For Gas Separation
The pressure difference across the membrane provides the 

driving force for the diffusion of gas across the membrane. Components that 
diffuse more rapidly become enriched in the low pressure p erm e a te  stream, 
while the slower components are concentrated in the re ten ta te  stream. For the 
gas separation with membranes, the feed and product streams are all gases 
without the phase change. A membrane will separate gases only if some 
components pass through the membrane more rapidly than others do. This 
requirement place constrains on the structure of the membrane’s separating 
layer.

There are 4 types of the constrains on the structure of the 
membrane’s separating layer.

a) Convective Flow
No separation occurs in this type of flow since the 

membrane contains pores that are large enough to let all gases diffuse through.
b) Knudsen Diffusion Flow

When the size of the pores is smaller than the mean 
free path of the gas molecules, the convective flow is replaced by Knudsen 
diffusion flow. In this case the gas molecules interact with the pore walls more 
frequently than with one another. Low molecular weight gases are able to 
diffuse more rapidly than the heavier one. In the limit of zero permeate 
pressure, the difference in transport rates of two components is inversely
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proportional to the square root of the ratio of their molecular weights. 
Normally, the pore size is between 1-5 nm.

c) Molecular Sieving Flow
If the pores are small enough, about 5-500 nm, large 

molecules are unable to pass through them and are excluded by the membrane. 
This molecular sieving is useful in separating molecules of different sizes.

d) Solution-diffusion Flow
The transport in this type of membrane occurs when 

gas molecules dissolve into the membrane and then diffuse across it. Most of 
the commercial solution-diffusion membranes are made of polymers.

Figure 2.1 Structures of separating layer of membrane (Zolandz, and 
Fleming, 1992, ch.2).
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2.2 Gas Diffusion in Solids

2.2.1 Determination of Diffusivitv and Permeability Coefficients

transient period while the gas concentration reaches its steady state 
distribution in the material. After this period the gas concentration will be 
constant at Cl and c2 respectively in the material at the two surfaces (See 
Figure 2.2). The flow rate through an area A of material is given by

------------------------------------------ ►
Distance through material

Figure 2.2 Variation of gas pressure through a material.
Gas permeation through a material was quantified in terms of the 

permeability coefficient, (j), defined by the steady-state equation:

If the material is initially free of the gas then there will be a

> P2

(2 .1)

(2 .2)

where:
Q = molar flow rate of permeant, mol ร'1
A = cross sectional area to flow, m2
D = diffusion coefficient, m2 ร'1
<|) = permeability coefficient, mol m '1 Pa'1 ร'1
Cl, c2 = gas concentrations on either side of interfaces, mol m'3
Pi, p2 = gas partial pressures on either side of interfaces, Pa
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L = thickness of material, m.
There are many different units for these constants, because the 

apparatus used to determine them may measure gas volumes or mass changes. 
In addition, the pressure units and time units can vary. Permeability 
coefficients are frequently given in units of cm3 (STP) cm/cm2 min atm.
The conversion factor is,

1 mol m '1 Pa'1 ร'1 = 1.36xl09 cm3 (STP) cm/cm2 min atm.
For multilayer materials made by co-extrusion or coating 

techniques, the total permeability coefficient, (j>T is related to the total 
thickness LT by

^L = A  + É - + A  + ... (2.3)

The resistance to the gas transfer for each layer can be added
directly as

(2.4)

2.2.2 The Relation between Diffusion and Permeability Coefficients
a) For Simple Gases

’ The diffusion coefficient is related to the permeability
coefficient, <j) by

(j) = DS (2.5)
where ร is the solubility constant for the gas which is affected by the strength 
of the intermolecular forces between a pair of gas molecules,

b) In Hydrogen/Palladium System
Fick’s law governs the diffusion of a gas in a solid

material,

N  = D A ^ p ( 2 .6 )
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E q u a t i o n  ( 2 . 6 )  a p p l i e s  f o r  t h e  d i f f u s i o n  o f  a t o m i c  

h y d r o g e n  w i t h i n  p a l l a d i u m ,  a n d  m o l e c u l a r  h y d r o g e n  w i t h i n  t h e  c o a t i n g .

T h e  s o l u t i o n  t o  t h i s  e q u a t i o n  f o r  u n s t e a d y  s t a t e  d i f f u s i o n  

o f  a  g a s  i n  a  s o l i d  o f  v a r i o u s  g e o m e t r y  h a s  b e e n  s o l v e d  b y  C a r s l a w  a n d  J a e g e r  

( 1 9 5 9 ,  c h . 3 ) .  T h e  r a t e  o f  d i f f u s i o n  o f  h y d r o g e n  t h r o u g h  t h e  p a l l a d i u m  

m e m b r a n e  c a n  b e  m e a s u r e d  b y  t h e  d i f f u s i o n  c o e f f i c i e n t ,  D .

T h e  f o r m u l a t i o n  o f  d i f f u s i o n  e q u a t i o n s  b a s e d  o n  F i c k ’ s

1 st l a w  i s

w h e r e :

( 2 . 7 )

p  =  r a t e  o f  h y d r o g e n  p e r m e a t i o n  

D  =  d i f f u s i o n  c o e f f i c i e n t ,  c m 2/ s  

L  =  t h i c k n e s s  o f  t h e  m a t e r i a l ,  c m

Cl, c 2 =  c o n c e n t r a t i o n s  o f  h y d r o g e n  d i s s o l v e d  i n  t h e  m e m b r a n e  a t  e a c h  

s i d e  o f  t h e  i n t e r f a c e s .

T h e  d i f f u s i o n  c o e f f i c i e n t ,  D ,  i s  d e p e n d e n t  o n  t h e  

c h e m i c a l  c o m p o s i t i o n ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  a c r o s s  t h e  m e m b r a n e  a n d  o n  

t h e  t h i c k n e s s .

2 . 2 . 3  F a c t o r s  A f f e c t i n g  D i f f u s i o n  o f  G a s e s  i n  P o l y m e r s

a )  T e m p e r a t u r e  a n d  P r e s s u r e

M o s t l y ,  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  t h e  

c o n c e n t r a t i o n  d u e  t o  t h e  v e r y  l o w  c o n c e n t r a t i o n s  e n c o u n t e r e d  a t  n o r m a l  

p r e s s u r e .  T h i s  e f f e c t  a l s o  r e f l e c t s  t h e  c o m p a r a t i v e  l a c k  o f  i n t e r a c t i o n  b e t w e e n  

s i m p l e  g a s e s  a n d  p o l y m e r s .

T h e  t e m p e r a t u r e  e f f e c t  c a n  b e  d i s c u s s e d  i n  t e r m s  o f  t h e  

n a t u r e  o f  g a s e s  a n d  t h e  n a t u r e  o f  p o l y m e r s .  F r o m  t h e  r e l a t i o n s h i p ,  f o u n d  b y  

B a r r e r  ( 1 9 6 8 ,  c h . 2 ) .

- Q ÏD D  0 e x p
R T y

( 2 .8 )
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w h e r e :

D  =  d i f f u s i o n  c o e f f i c i e n t  

D o  =  p r e - e x p o n e n t i a l  f a c t o r  

E a  =  a c t i v a t i o n  e n e r g y  .

T h e r e f o r e ,  t h e  d i f f u s i o n  c o e f f i c i e n t  a l w a y s  i n c r e a s e s  

w i t h  i n c r e a s i n g  t e m p e r a t u r e .  M o r e o v e r ,  t h e  s i z e  o f  t h e  d i f f u s i n g  g a s  a l s o  

a f f e c t s  t h e  d i f f u s i o n  c o e f f i c i e n t  a n d  i t  i s  f o u n d  d i f f u s i o n  c o e f f i c i e n t  t o  d e c r e a s e  

w i t h  t h e  i n c r e a s i n g  i n  d i a m e t e r .

b )  N a t u r e  o f  G a s e s

I t  i s  c l e a r  t h a t  t h e  l a r g e r  h o l e s  n e e d  t o  b e  f o r m e d  i n  t h e  

p o l y m e r  f o r  t h e  d i f f u s i o n  o f  t h e  l a r g e r  m o l e c u l e s .  T h e  l a r g e r  h o l e s  w i l l  r e q u i r e  

a  h i g h e r  a m o u n t  o f  e n e r g y  f o r  t h e i r  f o r m a t i o n .  T h e  d i f f u s i o n  o f  t h e  b i g g e r  

m o l e c u l e s  w i l l  h a v e  h i g h e r  a c t i v a t i o n  e n e r g y  a n d  h e n c e  t h e  d i f f u s i o n  

c o e f f i c i e n t  w i l l  b e  s m a l l e r .

Table 2.1 M o l e c u l a r  w e i g h t  a n d  k i n e t i c  d i a m e t e r  o f  i n t e r e s t i n g  f e e d  g a s e s .

G a s M o l e c u l a r  w e i g h t ( g / m o l ) K i n e t i c  d i a m e t e r  ( n m )

h 2 2 . 0 0 . 2 9 7

n 2 3 2 . 0 0 . 3 5 4

0 2 2 8 . 0 0 . 3 7 5

C l 2 3 5 . 5 0 . 4 1 2

c )  N a t u r e  o f  P o l y m e r s

F r o m  m a n y  s t u d i e s  o f  t h e  d i f f u s i v i t y ,  t h e  d i f f u s i v i t y  r a t e

w i l l  d e p e n d  o n

i )  T h e  N u m b e r  a n d  S i z e  D i s t r i b u t i o n  o f  P r e - e x i s t i n g  H o l e s  

T h i s  e f f e c t  d e p e n d s  o n  t h e  e a s e  a n d  d e g r e e  o f  

p a c k i n g  o f  t h e  c h a i n s  a n d  i s  r e l a t e d  t o  t h e  f r e e  v o l u m e  a n d  t o  t h e  d e n s i t y .



21

i i )  T h e  E a s e  o f  H o l e  F o r m a t i o n

T h e  s e g m e n t a l  c h a i n  m o b i l i t y  h a s  a n  i m p a c t  o n  t h e  

e a s e  o f  t h e  h o l e  f o r m a t i o n ,  f o r  e x a m p l e ,  t h e  c h a i n  s t i f f n e s s ,  a n d  o n  t h e  

c o h e s i v e  e n e r g y  o f  t h e  p o l y m e r .  S i l i c o n e  r u b b e r s ,  w h i c h  h a v e  e x c e p t i o n a l l y  

h i g h  i n t e r n a l  c h a i n  m o b i l i t y ,  h a v e  e x c e p t i o n a l l y  h i g h  d i f f u s i v i t y  w i t h  l o w  

a c t i v a t i o n  e n e r g y .

d )  E f f e c t  o f  G l a s s  T r a n s i t i o n

T h e  e f f e c t s  o f  t h e  g l a s s  t r a n s i t i o n  h a v e  b e e n  i n t e r p r e t e d  

i n  t e r m s  o f  t h e  c h a n g e  i n  t h e  c o e f f i c i e n t  o f  e x p a n s i o n  a t  t h e  g l a s s  t e m p e r a t u r e ,  

T g .  S i n c e  t h i s  w o u l d  l e a d  t o  c h a n g e s  i n  t h e  r a t e  o f  i n c r e a s e  o f  t h e  f r e e  v o l u m e  

w i t h  t e m p e r a t u r e  a n d  t h e n  l e a d s  t o  a  c h a n g e  i n  t h e  a c t i v a t i o n  e n e r g y .  A t  a b o v e  

T g ,  t h e  s e g m e n t a l  m o b i l i t y  i s  g r e a t l y  i n c r e a s i n g  a n d  t h e  a c t i v a t i o n  e n e r g y  

i n c r e a s e s  a s  a  c o n s e q u e n c e .

e )  T h e  E f f e c t  o f  C r o s s l i n k i n g

I t  i s  f o u n d  t h a t  a s  t h e  d e g r e e  o f  c r o s s l i n k i n g  i n c r e a s e s ,  

t h e  d i f f u s i o n  c o e f f i c i e n t s  d e c r e a s e .  T h i s  e f f e c t  i s  c a u s e d  b y  t h e  r e d u c t i o n  i n  t h e  

m o b i l i t y  o f  t h e  p o l y m e r  c h a i n s .  T h e  m a g n i t u d e  o f  t h e  c h a n g e  i n  t h e  d i f f u s i o n  

c o e f f i c i e n t s  i s  g r e a t e r  f o r  t h e  l a r g e r  p e n e r t r a n t  m o l e c u l e .

f )  E f f e c t s  o f  P l a s t i c i z e r s  a n d  R e l a t i v e  H u m i d i t y

T h e  a d d i t i o n  o f  a  p l a s t i c i z e r  t o  a  p o l y m e r  d e c r e a s e s  t h e  

c o h e s i v e  f o r c e s  b e t w e e n  t h e  c h a i n s  r e s u l t i n g  i n  a n  i n c r e a s e  i n  s e g m e n t a l  

m o b i l i t y .  I t  i s  t o  b e  u n d e r s t o o d  t h a t  t h i s  s h o u l d  r e s u l t  i n  a n  i n c r e a s e d  r a t e  o f  

d i f f u s i o n ,  c a u s e d  b y  t h e  l o w e r  a c t i v a t i o n  e n e r g y .

T h e  e f f e c t  o f  r e l a t i v e  h u m i d i t y  o n  g a s  d i f f u s i o n  i n  

p o l y m e r s  v a r i e s  w i d e l y .  P o l y m e r s ,  w h i c h  s w e l l  g r e a t l y  i n  w a t e r ,  a l w a y s  h a v e  

i n c r e a s i n g  d i f f u s i v i t y  w i t h  i n c r e a s i n g  h u m i d i t y .  I t  i s  a p p a r e n t  t h a t  w h e n  w a t e r  

i s  h i g h l y  s o r b e d  i n t o  t h e  p o l y m e r ,  t h e  f i l m  i s  p l a s t i c i z e d  b y  t h e  w a t e r  l e a d i n g  

t o  g r e a t l y  i n c r e a s e d  p e r m e a b i l i t y ,  a s  s a m e  a s  t h e  d i f f u s i v i t y .
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2.3 H yd rogen  P erm eation  in Solids

T h e  h y d r o g e n  m o n i t o r i n g  a c t s  a s  a n  i m p o r t a n t  r o l e  i n  t h e  c h l o r - a l k a l i  

p l a n t  b e c a u s e  o f  t h e  i n c r e a s i n g  i n  h y d r o g e n  c o n c e n t r a t i o n  c o u l d  i n d i c a t e  t h e  

l o w e r  e f f i c i e n t  o p e r a t i o n a l  e l e c t r o l y t i c  c e l l  a n d  c a u s e  a n  e x p l o s i o n  w h e n  

h y d r o g e n  e x c e e d s  6% w h i c h  i s  t h e  e x p l o s i v e  l i m i t  o f  h y d r o g e n  i n  c h l o r i n e  g a s .  

T h e  u n d e r s t a n d i n g  f o r  t h e  p e r m e a t i o n  o f  h y d r o g e n  i n  t h e  m a t e r i a l s  i s  n e e d e d .

2 . 3 . 1  D i f f u s i v i t v  a n d  P e r m e a b i l i t y  o f  H y d r o g e n  t h r o u g h  P a l l a d i u m  

W h e n  p a l l a d i u m  i s  u s e d  a s  a  m e m b r a n e ,  i t  i s  p o s s i b l e  t o  

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

h y d r o g e n  t h r o u g h  t h e  m e m b r a n e .

a )  I n t e r a c t i o n  o f  H y d r o g e n  M o l e c u l e  w i t h  P a l l a d i u m

T h e  i n t e r a c t i o n  o f  a  h y d r o g e n  m o l e c u l e  w i t h  p a l l a d i u m  

i s  c o n s i d e r e d  a s  a  m o d e l  o f  c h e m i s o r p t i o n  a n d  c a t a l y t i c  a c t i o n  o f  a  m e t a l  

s u r f a c e .  T h e  b a s i c  a s s u m p t i o n  i s  t h e  l o c a l  n a t u r e  o f  t h e  i n t e r a c t i o n  b e t w e e n  

h y d r o g e n  a n d  p a l l a d i u m .  T h e  h y d r o g e n  m o l e c u l e  i s  a d s o r b e d  a n d  d i s s o c i a t e d  

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

e q u i l i b r i u m  w i t h  t h e  t w o  a t o m i c  h y d r o g e n  r a d i c a l s .  T h e  P d - P d  b o n d  i s  n o t  

w e a k e n e d  i n  t h i s  p r o c e s s ,  w h i c h  i s  r e l a t e d  t o  t h e  s t a b i l i t y  o f  t h e  c a t a l y t i c  

s u r f a c e .  T h e  e x i s t e n c e  o f  a  s m o o t h  e q u i l i b r i u m  b e t w e e n  m o l e c u l a r  h y d r o g e n  

a n d  t w o  a t o m i c  h y d r o g e n  r a d i c a l s  o n  t h e  m e t a l  s u r f a c e  i s ,

H 2 H «  +  H *  ( 2 . 9 )

. O n  t h e  s u r f a c e  1 . 5  A °  a p a r t  f r o m  t h e  m e t a l ,  t h e  

d i s s o c i a t i v e  f o r m  i s  m o r e  s t a b l e  t h a n  t h e  m o l e c u l a r  f o r m  b y  2 . 2  k c a l / m o l e  a n d  

t h e  b a r r i e r  h e i g h t  i s  5 . 6  k c a l / m o l e .  F r o m  N a k a t s u j i  a n d  H a d a  s t u d y  ( 1 9 8 5 ) ,  t h e  

a t t r a c t i v e  i n t e r a c t i o n  o f  t h e  h y d r o g e n  m o l e c u l e  w i t h  t h e  p a l l a d i u m  i s  f o u n d .  

A n d  t h e  p a l l a d i u m  s y s t e m  i s  t h e  s m a l l e s t  p o s s i b l e  s y s t e m  t h a t  s h o w s  t h e
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c a t a l y t i c  a c t i v i t y  f o r  t h e  d i s s o c i a t i v e  a d s o r p t i o n  o f  t h e  h y d r o g e n  m o l e c u l e .  

H y d r o g e n  m o l e c u l e  w i t h  a  b i n d i n g  e n e r g y  a b o u t  1 0 4  k c a l / m o l e  i s  d i s s o c i a t e d ,  

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

I t  i s  t h e  s a m e  a s  o n  t h e  e x t e n d e d  s u r f a c e .  F r o m  t h e  p o t e n t i a l  e n e r g y  s t u d y ,  i t  

c a n  d e t e r m i n e  t h e  e x c i t e d  s t a t e s  o f  t h e  p a l l a d i u m - h y d r o g e n  s y s t e m  a r e  w e l l  

s e p a r a t e d  f r o m  t h e  g r o u n d  s t a t e  a n d  t h e r e  i s  a l m o s t  n o  c h a n c e  f o r  t h e  e x c i t e d  

s t a t e s  t o  p a r t i c i p a t e  i n  t h e  d i s s o c i a t i v e  p r o c e s s .

T h e  p r e s e n t  r e s u l t  h a s  s h o w n  t h a t  e v e n  p a l l a d i u m  

m o l e c u l e  h a s  c a t a l y t i c  a c t i v i t y  f o r  t h e  h y d r o g e n  c l e a v a g e  s h a l l  s u g g e s t  a  

d e s i g n  o f  t h e  p a l l a d i u m  c a t a l y s t  n o t  a s  a  s o l i d  b u t  i n  a  m o r e  m o l e c u l a r  f o r m ,

b )  P e r m e a t i o n  o f  H y d r o g e n  t h r o u g h  P a l l a d i u m

T h e  h i g h  a m o u n t  o f  h y d r o g e n  i s  a l l o w e d  t o  p u t  o n  t h e  

p a l l a d i u m  o v e r  a  v e r y  w i d e  r a n g e  o f  t e m p e r a t u r e s  a n d  p r e s s u r e s  o f  h y d r o g e n  

g a s .  F i g u r e  2 . 3  s h o w s  t h e  s o l u b i l i t y  o f  h y d r o g e n  i n  p a l l a d i u m .

F igu re 2 .3  S c h e m a t i c  c o m p a r i s o n  o f  s o l u b i l i t y  o f  h y d r o g e n  i n  m e t a l s  a t  a  

p r e s s u r e  o f  1 a t m  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  ( R a k o t o a r e v e l o ,  1 9 9 5 ) .
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c )  T h e  M e a s u r e m e n t  o f  t h e  P e r m e a t i o n  R a t e s

U s i n g  F i c k ’ s  f i r s t  l a w  t o  d e t e r m i n e  t h e  d i f f u s i o n  

c o e f f i c i e n t ,  a s  t h e  c o m p l e t e  e q u i l i b r i u m  b e t w e e n  s o l i d  a n d  g a s  i s  r e a c h e d ,  

d i f f u s i o n  t h r o u g h  t h e  s o l i d  i s  t h e  s l o w  a n d  r a t e - l i m i t i n g  s t e p .  T h e r e f o r e ,  t h e  

c o n c e n t r a t i o n s  o f  h y d r o g e n  a t  t h e  s u r f a c e s  m a y  b e  d e r i v e d  f r o m  t h e  g a s  

p r e s s u r e  t h r o u g h  P - C - T  r e l a t i o n s h i p s  a s  s h o w n  i n  F i g u r e  2 . 5 .

i )  H y d r o g e n  P e r m e a t i o n  R a t e  M e a s u r e m e n t  a t  R o o m  

T e m p e r a t u r e

T h e  s u r f a c e s  o f  p a l l a d i u m  m e m b r a n e  d o  n o t  r e a d i l y  

e q u i l i b r a t e  w i t h  t h e  h y d r o g e n  m o l e c u l e .  S o m e  a c t i v a t i o n  p r o c e d u r e s  h a v e  b e e n  

s u c c e e d  r e c e n t l y .  F o r  e x a m p l e s ,  b y  p l a t i n g  o n  a  l a y e r  o f  P d  b l a c k ,  

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

c o n t a c t i n g  t h e  s u r f a c e s  w i t h  m a t e r i a l s  s u c h  a s  c o p p e r  o r  h y d r i d e s  o f  u r a n i u m  

a n d  t a n t a l u m .  B o t h  u r a n i u m  a n d  t a n t a l u m  w e r e  b e l i e v e d  t o  b e  m o r e  e f f i c i e n t  

t h a n  p a l l a d i u m  f o r  d i s s o c i a t i n g  m o l e c u l a r  h y d r o g e n  a n d  f r o m  w h i c h  t h e  

d i s s o c i a t e d  a t o m s  m i g r a t e  t o  t h e  p a l l a d i u m  s u r f a c e .

i i )  H y d r o g e n  P e r m e a t i o n  R a t e  M e a s u r e m e n t  a t  T e m p e r a t u r e  

E x c e e d i n g  250°c
T h e  s p e c i m e n s  m a y  n e e d  t o  b e  h e a t e d  i n  o x y g e n  f o r  

a  p e r i o d  b e f o r e  r e p r o d u c i b l y  h i g h  r a t e s  o f  p e r m e a t i o n  a r e  r e c o r d e d .  L o w  

s o l u b i l i t y  o f  h y d r o g e n  c a n  b e  e x p l a i n e d  b y  i n h i b i t i o n  o f  t h e  d i s s o c i a t i o n  o f  

h y d r o g e n  m o l e c u l e s  t o  c h e m i s o r b e d  a t o m s  o r  b y  t h e  p o i s o n i n g  e l e m e n t  w h i c h  

f o r m e d  a  l a y e r  o f  h i g h  m e l t i n g  c o m p o u n d s .

T o  p r e v e n t  t h e  d e c r e a s e  o f  p e r m e a t i o n  r a t e s  t o  

n e g l i g i b l e  l o w  v a l u e s ,  L e w i s  ( 1 9 6 7 )  s u g g e s t e d  t h e  n e c e s s i t y  f o r  m a i n t a i n i n g  

m o v e m e n t  a n d  c i r c u l a t i o n  o f  t h e  g a s  a t  t h e  i n p u t  o r  u p s t r e a m  s i d e  o f  t h e  

m e m b r a n e .
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F igu re 2 .4  E x a m p l e s  o f  p e r m e a b i l i t y  o f  a  p a l l a d i u m  t u b e  w h e n  h y d r o g e n  a t  

t h e  h i g h  p r e s s u r e  ( u p s t r e a m )  s i d e  i s  k e p t  e i t h e r  s t a t i c  o r  i n  c i r c u l a t i o n  b y  

b l e e d i n g  a w a y  s o m e  o f  t h e  g a s  ( R a k o t o a r e v e l o ,  1 9 9 5 ) .

d )  I s o t h e r m a l  P r e s s u r e - C o m p o s i t i o n  R e l a t i o n  i n  

H y d r o g e n / P a l l a d i u m  S y s t e m

F i g u r e  2 . 5  s h o w s  t h e  P h a s e  d i a g r a m  o f  t h e  p a l l a d i u m -  

h y d r o g e n  s y s t e m .  A t  l o w  h y d r o g e n  c o n t e n t s ,  t h e  e q u i l i b r i u m  p r e s s u r e  s h o w s  a  

c o n t i n u o u s  i n c r e a s e .  I n  t h i s  r e g i o n ,  t h e  s o l i d  c a n  b e  r e g a r d e d  a s  a  s o l i d  

s o l u t i o n  o f  h y d r o g e n  i n  t h e  o r i g i n a l  p a l l a d i u m  l a t t i c e  a n d  h a s  b e c o m e  t h e  a -  

p h a s e  o f  t h e  p a l l a d i u m - h y d r o g e n  s y s t e m .
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F igu re 2 .5  P h a s e  d i a g r a m  f o r  t h e  P d / H  s y s t e m :  i s o t h e r m a l  p r e s s u r e -  

c o m p o s i t i o n  ( R a k o t o a r e v e l o ,  1 9 9 5 ) .

W i t h  t h e  c h a n g e  i n  t e m p e r a t u r e ,  t h e r e  w a s  a n  

a c c o m p a n y i n g  c h a n g e  i n  t h e  r a n g e  o f  t h e  c o m p o s i t i o n  o v e r  w h i c h  t h e  p r e s s u r e  

r e m a i n e d  c o n s t a n t .  T h e r e  i s  a  c o n t i n u o u s  t r a n s f o r m a t i o n  o f  h y d r o g e n  f r o m  o t 

t o  [ 3 - p h a s e  i n  t h i s  r e g i o n  a s  t h e  h y d r o g e n  c o n t e n t  i n c r e a s e s .

W h e n  t h e  p h a s e  t r a n s f o r m a t i o n  h a s  b e e n  c o m p l e t e d ,  t h e  

h y d r o g e n  v a p o r  p r e s s u r e  o n c e  a g a i n  b e g i n s  t o  g o  u p  w i t h  f u r t h e r  i n c r e a s e s  i n  

h y d r o g e n  c o n t e n t .

2 . 3 . 2  D i f f u s i v i t v  o r  P e r m e a b i l i t y  o f  H y d r o g e n  t h r o u g h  A l l o y s  o f  

P a l l a d i u m

T h e r e  a r e  m a n y  k i n d s  o f  a l l o y  o f  p a l l a d i u m  w i t h  m e t a l s ,  s u c h  a s  

s i l v e r ,  p l a t i n u m ,  n i c k e l ,  r h o d i u m ,  c o p p e r  a n d  g o l d .  T h e  c o m p o s i t i o n s  o f  P d / A g  

a l l o y s  h a v e  b e e n  w i d e l y  u s e d  i n s t e a d  o f  p u r e  p a l l a d i u m  a s  a  m a t e r i a l  f o r  t h e  

m e m b r a n e  c o n s t r u c t i o n .
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a )  A b s o r p t i o n  o f  H y d r o g e n

H y d r o g e n  h a s  b e e n  i n t r o d u c e d  i n t o  P d  a l l o y s  b y  

e l e c t r o l y s i s  i n  m o s t  s t u d i e s .  T h e  h y d r o g e n  s o l u b i l i t y  w a s  e v a l u a t e d  a n d  

c o m p a r e d  u n d e r  a  p r e s s u r e  o f  l a t m  i n  s e r i e s  o f  p a l l a d i u m  a l l o y s .  F i g u r e  2 . 6  

s h o w e d  a  c o n t i n u o u s  d e c l i n e  a t  a l l  t e m p e r a t u r e s  i n  t h e  c a s e  o f  P d / P t  s e r i e s .  O n  

t h e  o t h e r  h a n d ,  t h e  ç u r v e s  w e r e  e x h i b i t e d  p r o n o u n c e d  m a x i m u m  v a l u e  t h a t  

b e c a m e  l o w e r  w i t h  t h e  i n c r e a s i n g  t e m p e r a t u r e  i n  P d / A u  a n d  P d / A g  s e r i e s .  T h e  

p e a k  s e e m e d  t o  b e  s h i f t i n g  s l i g h t l y  t o w a r d s  a  l o w e r  p e r c e n t a g e  c o n t e n t  o f  t h e  

a l l o y i n g  m e t a l  w i t h  a n  i n c r e a s i n g  t e m p e r a t u r e .

b )  E x i s t e n c e  o f  c r i t i c a l  a n d  s u p e r c r i t i c a l  i s o t h e r m s

T h e r e  i s  n o  l o n g e r  p r e s s u r e  c o n s t a n t  r e g i o n  a t  a  

p a r t i c u l a r  c o m p o s i t i o n  a n d  t h e  p - C  r e l a t i o n s h i p s  h a v e  t h e  a p p e a r a n c e  o f  a  

c r i t i c a l  i s o t h e r m .  T h e  i s o t h e r m s  f o r  a l l o y s  w i t h  h i g h  c o n t e n t s  o f  a l l o y i n g  

m e t a l s  s h o u l d  t h e n  b e  i n  a  s u p e r c r i t i c a l  f o r m  a n d  t h e  c r i t i c a l  t e m p e r a t u r e  

d e c r e a s e s  w i t h  i n c r e a s i n g  c o n t e n t  o f  a l l o y i n g  m e t a l .
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F igu re 2 .6  C o m p a r i s o n  o f  s o l u b i l i t i e s  o f  h y d r o g e n  u n d e r  a  p r e s s u r e  o f  1 a t m  

i n  s e r i e s  o f  p a l l a d i u m  a l l o y s - f r o m  m e a s u r e m e n t s  o f  S i e v e r t s  ( R a k o t o a r e v e l o ,  

1 9 9 5 ) .

c )  P d / A g  S t u d y

T h e  m a x i m u m  s o l u b i l i t y  w a s  f o u n d  t o  b e  c l o s e r  t o  

2 0 % A g  a t  1 5 5  a n d  260°c. L e w i s  (1967) s h o w e d  t h a t  w h e n  s o l u b i l i t i e s  w e r e  

c o m p a r e d  t o  a  p r e s s u r e  o f  5  a t m ,  t h e r e  w a s  a n  a p p a r e n t  m a x i m u m  a b o u t  5 % A g  

a t  155°c. W h i l e  t h e r e  w a s  a p p a r e n t l y  a  c o n t i n u o u s  s o l u b i l i t y  d e c l i n e  w i t h  a n  

i n c r e a s i n g  s i l v e r  c o n t e n t  a t  2 0 0 ° c .

F i g u r e  2 . 7  s h o w s  a n  i n v a r i a n t  p r e s s u r e  r e g i o n s .  T h e r e  i s  

a  c o m p l e m e n t a r y  d e c r e a s e  o f  t h e  h y d r o g e n  p r e s s u r e  o v e r  t h e s e  p l a t e a u  r e g i o n s  

a s  t h e  s i l v e r  c o n t e n t s  i n c r e a s e .  S i m i l a r  f o r m s  o f  i s o t h e r m  w e r e  e x h i b i t e d  w i t h  

1 0  t o  2 0 % A g  t o  t h o s e  o f  t h e  P d / H  s y s t e m .  T h e r e  i s  r e l a t i v e l y  s l o w  d i f f u s i o n  o f  

h y d r o g e n  i n  a l l o y s  w i t h  h i g h e r  s i l v e r  c o n t e n t s .
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F igu re 2 . 7  C o m p a r i s o n  o f  P - C  ( a b s o r p t i o n )  r e l a t i o n s  f o r  p a l l a d i u m  s i l v e r  

a l l o y s  a t  50°c ( R a k o t o a r e v e l o ,  1 9 9 5 ) .

i )  C r i t i c a l  I s o t h e r m ,  T c

I t  i s  f o u n d  t h a t  t h e  c r i t i c a l  t e m p e r a t u r e ,  T c  

d e c r e a s e s  w i t h  i n c r e a s i n g  c o n t e n t s  o f  t h e  a l l o y i n g  m e t a l .

i i )  D i f f u s i o n  a n d  P e r m e a b i l i t y  V a l u e s

S e v e r a l  s c i e n t i s t s  h a v e  s t u d i e d  t h e  d a t a  f r o m  t h e  

s t u d i e s  o f  h y d r o g e n  d i f f u s i o n  c o e f f i c i e n t .

H o l l e c k  a n d  W i c k e  ( 1 9 6 8 )  o b t a i n e d  a  v a l u e  o f  t h e  

d i f f u s i o n  o f  h y d r o g e n  i n  p a l l a d i u m  a t  l o w  h y d r o g e n  c o n c e n t r a t i o n s .  I n  t h e  

m e t a l ,  D o  i s  1 7 ±  5 . 9 5 x l 0 3 c m 2/ s e c  a n d  t h e  v a l u e  o f  Q  e q u a l s  t o  7 . 1 ± 0 . 0 1 8  

c a l / g - a t m  f o r  a l l o y s  c o n t a i n i n g  2 5 % A g  i n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  0 -  

80°c a n d  a t  h y d r o g e n  c o n c e n t r a t i o n  o f  0 . 6 1 2  i n  t h e  m e t a l .  D i f f u s i o n  a t  a  f a s t  

r a t e  r e q u i r e s  t h e  v a l u e s  o f  d i f f u s i o n  c o e f f i c i e n t ,  D  t o  b e  h i g h .  H o w e v e r ,  i n  

p r a c t i c e ,  t h e  v a l u e  o f  D  o v e r  a  r a n g e  o f  a l l o y  c o m p o s i t i o n s  m a y  d e c r e a s e
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s u f f i c i e n t l y  a s  t o  g i v e  r i s e  t o  s e r i o u s l y  e n h a n c e d  e x p e r i m e n t a l  l i m i t a t i o n s  

u n d e r  a  p a r t i c u l a r  s e t  o f  c o n d i t i o n s .

S o m e  v a l u e s  o f  D  w e r e  o b t a i n e d  f o r  a  2 5 %  A g

a l l o y  a t  25 °c, s u c h  a s ,

W i c k e  a n d  H o l l e c k :  ~ 7 . 5 x l 0 ' 7 c m 2/ s e c .

W i c k e  a n d  B o h m h o l d t :  ~ 6 . 1 x l 0 ' 7 c m 2/ s e c .

2 . 3 . 3  D i f f u s i v i t v  o r  P e r m e a b i l i t y  o f  H y d r o g e n  t h r o u g h  T e f l o n

a )  N a t u r e  o f  T e f l o n

T e f l o n  P T F E  ( P o l y t e t r a f l u o r o e t h y l e n e )  r e s i n s  h a v e  a  

c o n t i n u o u s  w o r k i n g  t e m p e r a t u r e  o f  260°c. G r e a t  h i g h e r  t e m p e r a t u r e s  c a n  b e  

s a t i s f a c t o r y  s u s t a i n e d  f o r  s h o r t e r  e x p o s u r e s  ( S e e  p h y s i c a l  p r o p e r t i e s  o f  T e f l o n  

i n  A p p e n d i x  A ) .

A s  a  f l u o r o p o l y m e r ,  i t  h a s  e x c e p t i o n a l  r e s i s t a n c e  t o  

c h e m i c a l  a t t a c k  a n d  h i g h  t h e r m a l  s t a b i l i t y .  I t  a l s o  r e t a i n s  t h e  m a i n  p r o p e r t i e s  

o v e r  a  w i d e  t e m p e r a t u r e  r a n g e .  T e f l o n  m a y  b e  u s e d  u p  t o  a b o u t  300°c f o r  l o n g  

p e r i o d s  w i t h o u t  l o s s  o f  s t r e n g t h .  T h e  t h i n  s e c t i o n s  o f  T e f l o n  r e m a i n  f l e x i b l e  a t  

t h e  t e m p e r a t u r e  l o w e r  t h a n  100°c. T h e r e  i s  s o m e  w e i g h t  l o s s  w h e n  i t  i s  h e a t e d  

a b o v e  200°c b u t  t h e  w e i g h t  l o s s  b e c o m e s  v e r y  s m a l l  u p  t o  350°c. I t  e n t e r s  a  

g e l  s t a t e  a t  327°c. T h e  p r o c e s s i n g  t e c h n i q u e  m a y  b e  v a r i e d  i n  o r d e r  t o  o b t a i n  

v a r i o u s  p h y s i c a l  p r o p e r t i e s .  W h i l e  s o m e  p r o p e r t i e s  r e l a t i v e l y  d o  n o t  d e p e n d  o n  

t h e  f a b r i c a t i o n  c o n d i t i o n s .

b )  D i f f u s i o n  a n d  P e r m e a b i l i t y  V a l u e s  o f  H y d r o g e n  i n  T e f l o n

T h e  s t u d i e s  o f  t h e  h y d r o g e n  d i f f u s i o n  c o e f f i c i e n t  f o r  

T e f l o n  a t  25°c a r e  g i v e n  a s  1 4 . 7 ±  1 . 5 4 x l 0 ' 8 c m 2/ s e c  a t  r o o m  t e m p e r a t u r e  

( M a t s u y a m a  et al., 1 9 8 2 ) .
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c )  F a c t o r s  A f f e c t i n g  t h e  D i f f i i s i v i t y

T h e s e  e f f e c t s  c a n  b e  d i s c u s s e d  i n  t e r m s  o f  t h e  n a t u r e  o f  

g a s e s  a n d  t h e  n a t u r e  o f  p o l y m e r s .  F r o m  t h e  r e l a t i o n s h i p  o f  D  a n d  T  a s  s h o w n  

i n  e q u a t i o n  ( 2 . 8 ) .  I t  i s  c l e a r  t h a t  D  a l w a y s  i n c r e a s e s  w i t h  i n c r e a s i n g  

t e m p e r a t u r e .

2.4 S en sors for M on itorin g  the H ydrogen  C on cen tration

T h r e e  t y p e s  o f  s e n s o r s  h a v e  b e e n  c o n s i d e r e d .

2 . 4 . 1  T h e  P d / H  E l e c t r i c a l  R e s i s t a n c e  S e n s o r

T h i s  t y p e  o f  s e n s o r  u t i l i z e s  t h e  d e p e n d e n c y  o f  t h e  e l e c t r i c a l  

r e s i s t a n c e  o f  p a l l a d i u m ,  u p o n  t h e  c o n c e n t r a t i o n  o f  a b s o r b e d  h y d r o g e n  i n  t h e  

m e t a l ,  t h e  f a b r i c a t i o n  o f  P d / H  e l e c t r i c a l  r e s i s t a n c e  s e n s o r  u s e d  i n  t h e  p r e s e n t  

w o r k  i s  s h o w n  i n  F i g u r e  2 . 8 .  1

B r a s s  M o u n t i n g

A s s e m b l y  

S i l v e r  w i r e

L o c k i n g  n u t

T h r e a d

C h l o r i n a t e d  p.v.c
1 R u b b e r  w a s h e r

S i l v e r / P d  c o n n e c t i o n  L o c k i n g  n u t s  

Pd wire _
S t e e l  r o d

F i b e r - r e i n f o r c e d  r e s i n

F igu re 2 . 8  C r o s s  s e c t i o n  o f  t h e  P d / H  e l e c t r i c a l  r e s i s t a n c e  s e n s o r .
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A c c o r d i n g  t o  M a t h i e s s e n ’ s  r u l e  ( B a r r e t t  et al., 1 9 7 3 )  s t a t e s  t h a t  

t h e  p r e s e n c e  o f  s o l u t e  a t o m s  i n  a  m e t a l  c a u s e  a n  i n c r e a s i n g  i n  t h e  e l e c t r i c a l  

r e s i s t a n c e  r e l a t i v e  t o  t h e  p u r e  m e t a l .  T h e  e l e c t r i c a l  r e s i s t i v i t y ,  p ,  o f  t h e  s i n g l e  

p h a s e  P d / H  s o l i d  s o l u t i o n  i s  g i v e n  b y ,

p =  Pi +  pH
(2.10)

W h e r e  Pi i s  r e s i s t i v i t y  d u e  t o  l a t t i c e  v i b r a t i o n  a n d  Ph i s  r e s i s t i v i t y  d u e  t o  t h e  

h y r o g e n  a t o m s .  F u r t h e r m o r e ,  Pi oc T  a n d  Ph oc xh ( N o r d h e i m ’ s  r u l e )  w h e r e  XH 

i s  t h e  a t o m  r a t i o  o f  h y d r o g e n  i n  t h e  p a l l a d i u m .  H e n c e  t h e  r e s i s t a n c e  r a t i o  o f  a  

p a l l a d i u m  w i r e ,  R  ( T ,  XH) a t  t e m p e r a t u r e  T ,  a t o m  XH i s ,

*  ‘  l o S S )  = 10+k(T)x" (211)
W h e r e  k  i s  l i n e a r  f u n c t i o n  o f  r e c i p r o c a l  a b s o l u t e  t e m p e r a t u r e .

T h e  r e s u l t s  o f  e x p e r i m e n t  h a v e  b e e n  s u m m a r i z e d  b y  M o r r i s  et 
al. ( 1 9 9 5 )  i n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  6 0 °  t o  330°c a s :

R  ( T ,  XH) =  1 . 0  +  ( 9 2 9 . 8 T ' 1 +  1 . 1 2 3 7 )  XH ( 2 . 1 2 )

A t  T  =  80°c, (353K),
R =  1 . 0 +  3 . 7 5 8  XH ( 2 . 1 3 )

T h e  c h e m i c a l  r e a c t i o n  i n v o l v i n g  h y d r o g e n  g a s  a n d  p a l l a d i u m  

m e t a l  i s  w r i t t e n  a s :

, H 2 (g) < > 2H(Pd)
T h e  e q u i l i b r i u m  c o n s t a n t  K g  ( T )  f o r  r e a c t i o n  ( 2 . 1 4 )  m a y  b e  w r i t t e n  a s :

(2.14)

KE(T) = Ph,* n2 A h2 0
L a s s e r  a n d  P o w e l l  ( 1 9 8 6 )  d e s c r i b e d  t h e  r e l a t i o n s h i p  b e t w e e n  t h e

h y d r o g e n  p r e s s u r e  P h 2 ( a t m )  a n d  t h e  a t o m  r a t i o  XH a c c o u n t i n g  f o r  t h e  n o n 

i d e a l i t y  o f  t h e  m e t a l  s o l u t i o n  a s :

(2.15)

- l n K g ( T ) - 2 a H( T ) x H (2.16)
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W i t h ,

I n  K g ( T ) -  ? 1 n ’ 1 +  1 .9 8 1  e x p ( - 7 6 8 . 0 / T )
a t m ' 1 [ l - e x p ( - 8 0 0 / T ) f

1iî[4.293x10“4T35]- 1 8 9 5 .1
( 2 . 1 7 )

A n d

a , ,  = 2 2 6 5  (  1 4 4 5
-1 ( 2 . 1 8 )

E q u a t i o n  ( 2 . 1 8 )  i s  h e l d  o v e r  t h e  t e m p e r a t u r e  r a n g e  0 °  t o  2000°c.
I n  t h e  e q u a t i o n  ( 2 . 1 5 ) ,  a H i s  a c t i v i t y  a t  t h e  a t o m  r a t i o  XH i n  t h e  

s i n g l e  p h a s e  P d / H  s o l i d  s o l u t i o n  a n d  Ph2 i s  p r e s s u r e  o f  h y d r o g e n  i n  t h e  

e q u i l i b r a t i n g  g a s  ( a t m ) .  a H i s  e m p i r i c a l l y  d e t e r m i n e d  d e v i a t i o n  f r o m  i d e a l i t y ;  

a s  XH—» ( ) ,  a H- >  XH ( S i e v e r t ’ s  L a w ) .

I t  i s  t o  b e  n o t e d  t h a t  t h e  e q u i l i b r i u m  b e t w e e n  H 2 a n d  h y d r o g e n  

a t o m  i s  e s t a b l i s h e d  w i t h  t h e  p r e s s u r e  o f  h y d r o g e n  i n  t h e  b u l k  g a s  p h a s e  o n l y  i f  

t h e  g a s  p h a s e  d o e s  n o t  c o n t a i n  a  c o m p o n e n t ,  w h i c h  i s  r e a c t i v e  t o  h y d r o g e n .  I t  

i s  w e l l  k n o w n  t h a t  p a l l a d i u m  a c t s  a s  a  c a t a l y s t  t o  p r o m o t e  c h e m i c a l  r e a c t i o n s  

i n v o l v i n g  h y d r o g e n .  T h e  p r e s e n t  i n v e s t i g a t i o n  i n v o l v e s  m i x t u r e s  o f  h y d r o g e n  

w i t h  c h l o r i n e  a n d  o x y g e n ,  w h i c h  a r e  b o t h  c h e m i c a l l y  r e a c t i v e  t o w a r d  

h y d r o g e n .  H e n c e  a  u s a b l e  s e n s o r  w i l l  r e q u i r e  t h e  p r e s e n c e  o f  a  c o a t i n g ,  w h i c h  

i s  p e r m e a b l e  t o  h y d r o g e n  a n d  i m p e r m e a b l e  t o  c h l o r i n e  a n d  o x y g e n  i n  o r d e r  

t h a t  i t  s h a l l  r e s p o n d  i n  a  r e p r o d u c i b l e  m a n n e r  t o  c h a n g e s  o f  h y d r o g e n  

c o n c e n t r a t i o n  i n  t h e  b u l k  g a s .

T h e  p e r m e a t i o n  o f  h y d r o g e n  i n t o  m e t a l s  f r o m  a  g a s  p h a s e  i s  a  

c o m p l e x  p r o c e s s  i n v o l v i n g  t h r e e  s t e p s  ( B a r r e r ,  1 9 5 1 ) :

1 .  R e v e r s i b l e  d i s s o c i a t i v e  c h e m i s o r p t i o n  o f  h y d r o g e n  a t o m  o n  

t h e  p a l l a d i u m  s u r f a c e .

2 .  R e v e r s i b l e  d i s s o l u t i o n  o f  h y d r o g e n  a t o m  o n  s u r f a c e  i n  t h e  

b u l k  l a y e r s  o f  t h e  p a l l a d i u m .

3 .  D i f f u s i o n  o f  h y d r o g e n  a t o m  i n  t h e  p a l l a d i u m .
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T h e  r ^ t e - l i m i t i n g  s t e p  f o r  t h e  P d / H  s y s t e m  i s  o f t e n  t h e  b u l k  

d i f f u s i o n  s t e p  3 .  H o w e v e r ,  i t  i s  w e l l  k n o w n  t h a t  u n d e r  c e r t a i n  c i r c u m s t a n c e s ,  

s t e p  1 c a n  b e  r a t e  l i m i t i n g .  I n  p a r t i c u l a r  K a y  et al. ( 1 9 8 6 )  f o u n d  t h a t  t h e  r a t e  o f  

a b s o r p t i o n  o f  h y d r o g e n  b y  c l e a n e d  p a l l a d i u m  s u r f a c e  w a s  a b o u t  1 0 0  t i m e s  t h a t  

o f  a n  u n c l e a n e d  s u r f a c e .  T h e  c l e a n i n g  p r o c e d u r e  r e m o v e d  o x y g e n ,  s u l f u r  a n d  

c a r b o n  s u r f a c e  a d s o r b e d  a t o m s .

2 . 4 . 2  T h e  E l e c t r o c h e m i c a l  P o t e n t i o m e t r i c  S e n s o r

T h e  e l e c t r o c h e m i c a l  p o t e n t i o m e t r i c  s e n s o r  f i r s t  e x a m i n e d  h a d  a  

c o n v e n t i o n a l  c o n c e n t r a t i o n  c e l l  s t r u c t u r e  a s  s h o w n  i n  e q u a t i o n  ( 2 . 1 9 ) .  

( r e f e r e n c e  e l e c t r o d e )  a i r ,  n o b l e  m e t a l  I p r o t o n  c o n d u c t o r  I n o b l e  m e t a l ,  s a m p l e  

g a s  ( s e n s i n g  e l e c t r o d e )  ( 2 . 1 9 )
O-ring

Proton conductor X /  1\  /  Sensing electrode
Reference electrodev / f

^ ะ -ป  ี.U t t ' t A U  \3 3 y v y v  I . A A K T T - T O A A  r »! V t 'T t
Air > = 0  ( | ) P  < = >  Sample gas

XX A \ n  ป ี\  พ  \ c t !/v  I : พ นr * W K K
<=> : \  <=> \

2ZZZZZZZZZZZZZZZ2ZZZZZ20j l G!ZZZZZZZZZZ22ZZZZZZZZZ Z
. 2  Ansnrino Cu ณbeGlass ณbe Au spring

F igu re 2 .9  T h e  s t r u c t u r e  o f  t h e  o r i g i n a l  p o t e n t i o m e t r i c  s e n s o r  u s i n g  p r o t o n  

c o n d u c t o r  ( M i u r a  et a l,  1 9 8 8 ) .

T h i s  t y p e  o f  s e n s o r  u t i l i z e s  t h e  d e p e n d e n c y  o f  t h e  e l e c t r i c a l  

p o t e n t i a l  o f  p l a t i n u m  o n  t h e  h y d r o g e n  c o n c e n t r a t i o n  i n  t h e  e q u i l i b r a t i n g  g a s .  

A  c r o s s - s e c t i o n  d i a g r a m  o f  t h e  p o t e n t i o m e t r i c  s e n s o r  i s  s h o w n  i n  F i g u r e  2 . 1 0 .
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Terminal screw 
ss ram

Fiber-reinforced resin rings

Reference material

Fiber-reinforced resin d i s c

FSA membrane 
Pt black

F igu re 2 .10  C r o s s  s e c t i o n  o f  t h e  p o t e n t i o m e t r i c  s e n s o r .

T h e  p o l y m e r  e l e c t r o l y t e  i s  a  p e r f l u o r o s u l f o n i c  a c i d  ( P F S A )  

m e m b r a n e  c o n d u c t i v e  t o  h y d r o g e n  i o n s  ( M o r r i s ,  a n d  ร น ท ,  1 9 9 3 ) .  I n  t h e  p h a s e  

s e q u e n c e ,  P t  r e p r e s e n t s  p l a t i n u m  b l a c k  a p p l i e d  a s  s l u r r y  t o  t h e  P F S A  

m e m b r a n e  s u r f a c e .  T h e  r e f e r e n c e  m i x t u r e  i s  c o m p o s e d  o f  F e  ( I I )  a n d  F e  ( I I I )  

s u l f a t e  h y d r a t e s .  G r  r e p r e s e n t s  t h e  g r a p h i t e  d i s c  b e t w e e n  t h e  s t a i n l e s s  s t e e l  

( S S )  r a m  a n d  t h e  r e f e r e n c e  m i x t u r e .  T h e  v e r t i c a l  d a s h e d  l i n e  r e p r e s e n t s  F i b e r -  

r e s i n f o r c e d  r e s i n  f i l m  t o  p r e v e n t  a c c e s s  o f  c h l o r i n e  a n d  o x y g e n  t o  t h e  p l a t i n u m  

o f  t h e  s e n s i n g  e l e c t r o d e .  T h e  p o t e n t i o m e t r i c  h y d r o g e n  s e n s o r  m a y  b e  

r e p r e s e n t e d  s c h e m a t i c a l l y  a s  t h e  s e q u e n c e  o f  p h a s e s .

C l 2 , H 2 , a i r ,  H 2 0 ( g j  P t  I P F S A  I r e f e r e n c e  m i x t u r e ,  G r ,  s t a i n l e s s  s t e e l  ( 2 . 2 0 )

I  I I

w h e r e  g  i n d i c a t e s  g a s  p h a s e .

T h e  e q u i l i b r i a  a t  t h e  i n t e r f a c e s  I  a n d  I I  o f  t h e  s e n s o r  a r e  

p o s t u l a t e d  t o  b e :

I :  H y d r o g e n  g a s  ( H 2) ,
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H 3O  (PFSA) +  e  ( P t )  < ->  — H 2 (g) +  H 2 0  (PFSA) ( 2 . 2 1 )

I I :  R e f e r e n c e  m i x t u r e ,

F e 3 + ( ร ) +  ๙  (C) < + F e 2 + (ร) ( 2 . 2 2 )

W h e r e  ร  i n d i c a t e s  s o l i d  p h a s e  a n d  c  i n d i c a t e s  c a r b o n .  T h e  h a l f - c e l l  p o t e n t i a l s  

a r e  g i v e n  b y  N e m s t  e q u a t i o n s :

R T  jn P H 2a H2๐ ( 2 . 2 3 )
F  a H30+

R T  a „ 2i
In ( 2 . 2 4 )

F  a F ,’.

W h e r e  E [ °  a n d  E n °  a r e  c o n s t a n t s ,  Ph2 i s  t h e  r a t i o  o f  t h e  H 2 p r e s s u r e  t o  t h e  

s t a n d a r d  a t m o s p h e r e ,  a  i s  a c t i v i t y  o f  t h e  i n d i c a t e d  s p e c i e s ,  R  i s  g a s  c o n s t a n t ,  T  

i s  a b s o l u t e  t e m p e r a t u r e  a n d  F  i s  F a r a d a y ’ s  c o n s t a n t .  T h e  r e f e r e n c e  m i x t u r e  

c o m p r i s e s  t h e  p u r e  h y d r a t e d  s u l f a t e s .  H e n c e ,  t h e  i o n i c  a c t i v i t i e s  a r e  c o n s t a n t  

a n d  s i n c e  t h e  h y d r o g e n  i o n  c o n c e n t r a t i o n  i n  t h e  p o l y m e r  e l e c t r o l y t e  i s  f i x e d ,  

a H 0  + i s  c o n s t a n t .  T h e  a c t i v i t y  o f  w a t e r  i n  t h e  p o l y m e r  e l e c t r o l y t e  i s  f i x e d  b y

t h e  s a t u r a t i o n  o f  t h e  H y d r o g e n  m i x t u r e  i n  t h e  w a t e r .

T h e  v o l t a g e  d e v e l o p e d  b y  t h e  s e n s o r  ( E )  i s ,

’ E  =  £ 11- E ^ E ' - Æ iiP h , ( 2 . 2 5 )
2 F

W h e r e  E °  i s  c o n s t a n t  ~  0 . 6 5  V .

2 . 4 . 3  T h e  E l e c t r o c h e m i c a l  A m p e r o m e t r i c  S e n s o r

a )  B a s i c  P r i n c i p l e  o f  E l e c t r o c h e m i c a l  A m p e r o m e t r i c  S e n s o r  i n  

P r e s e n t  W o r k

T h e  i n f o r m a t i o n  f r o m  a n  a m p e r o m e t r i c  s e n s o r  i s  

o b t a i n e d  f r o m  t h e  c u r r e n t - c o n c e n t r a t i o n  r e l a t i o n s h i p .  T h e  c h e m i c a l  

t r a n s f o r m a t i o n  w h i c h  t a k e s  p l a c e  a t  t h e  e l e c t r o d e s  d u r i n g  t h e  p a s s a g e  o f  

c u r r e n t  i s  g o v e r n e d , b y  F a r a d a y ’ s  l a w .
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m o l e  =  Q / n F  ( 2 . 2 6 )

w h e r e :

M  =  n e t  c h e m i c a l  c h a n g e s

Q c  =  t o t a l  c h a r g e  p a s s e d  t h r o u g h  t h e  e l e c t r o d e  d u r i n g  t h e  e x p e r i m e n t  

z  =  n u m b e r  o f  m o l e s  o f  e l e c t r o n s  i n v o l v e d  i n  e l e c t r o c h e m i c a l  r e a c t i o n  

F  =  F a r a d a y ’ s  c o n s t a n t .

S u c h  c h a n g e s  c a n  h a v e  a  c u m u l a t i v e  e f f e c t  o n  t h e  m e a s u r e m e n t ,  

p a r t i c u l a r l y  w h e n  t h e  p r o d u c t s  o f  t h e  e l e c t r o c h e m i c a l  r e a c t i o n  a r e  n o t  r e m o v e d  

s u f f i c i e n t l y  r a p i d l y  f r o m  t h e  i n t e r f a c e .  A  s c h e m a t i c  d i a g r a m  o f  a n  

e l e c t r o c h e m i c a l  a m p e r o m e t r i c  s e n s o r  f o r  m o n i t o r i n g  h y d r o g e n  c o n c e n t r a t i o n  

u s e d  i n  t h e  p r e s e n t  w o r k  i s  s h o w n  i n  F i g u r e  2 . 1 1 .

F igu re 2.11 S c h e m a t i c  d i a g r a m  o f  a n  a m p e r o m e t r i c  s e n s o r  f o r  m o n i t o r i n g  

h y d r o g e n  c o n c e n t r a t i o n .
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A n  a m p e r o m e t r i c  s e n s o r  i s  b a s i c a l l y  i d e n t i c a l  t o  t h e  C l a r k  s e n s o r  

d e v e l o p e d  f o r  t h e  d e t e r m i n a t i o n  o f  o x y g e n  i n  b l o o d  ( C l a r k ,  1 9 5 6 ) .  T h e  

i n s t r u m e n t  h a s  b e e n  d e v e l o p e d  b y  O r b i s p h e r e  f o r  m o n i t o r i n g  h y d r o g e n  o r  

o x y g e n  i n  n o n - r e a c t i v e  m i x t u r e s .  T h e  p r i n c i p a l  o f  o p e r a t i o n  d e s c r i b e d  b y  

K a l v o d a  ( 1 9 8 7 )  i s  w e l l  k n o w n .  T h e  d i f f u s i o n - l i m i t e d  c u r r e n t  I  m e a s u r e d  i n  

t h e  e x t e r n a l  c i r c u i t  i s ,

I =  p H2 ( 2 . 2 7 )

w h e r e :

z  =  n u m b e r  o f  m o l e s  o f  e l e c t r o n s  i n v o l v e d  i n  e l e c t r o c h e m i c a l  

r e a c t i o n

F  =  F a r a d a y ’ s  c o n s t a n t

A  =  c r o s s  s e c t i o n a l  a r e a  t o  f l o w

(j)j!2 =  p e r m e a b i l i t y  o f  h y d r o g e n  i n  m e m b r a n e  m a t e r i a l

L  =  t h i c k n e s s  o f  m a t e r i a l

pH2 = pressure o f  hydrogen in gas.
A  c r o s s  s e c t i o n a l  d i a g r a m  o f  t h e  s e n s o r  i s  s h o w n  i n  F i g u r e  2 . 1 1 .

T h e  r e a c t i o n s  o c c u r  i n  t h e  s e n s o r  a r e ,

P t  A n o d e : H 2 (8q) - >  2 H + +  2 ๙ „ ( 2 . 2 8 )

E x t .  c c t : 2 e  an ^ 2 e  an ( 2 . 2 9 )

F e ( I I ) / F e ( I I I )  C a t h o d e : 2 e  ca +  2 A g  (ร) ►  2 A g  (ร) ( 2 . 3 0 )

T o t a l  R e a c t i o n : H 2 (aq) +  2 A g ( s ) + —» 2 H + +  2 A g  (ร) ( 2 . 3 1 )

A n  e x a m p l e  o f  t h e  r e s p o n s e  s i g n a l  f r o m  t h e  a m p e r o m e t r i c  s e n s o r

i n  h y d r o g e n ,  d r y  c h l o r i n e  a n d  d r y  a r g o n  m i x t u r e s  a t  a m b i e n t  t e m p e r a t u r e  a r e  

p r e s e n t e d  i n  F i g u r e  2 . 1 2 .
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T i m e  ( m i n u t e )
Figure 2.12 A n  e x a m p l e  o f  t h e  r e s p o n s e  s i g n a l  f o r  e l e c t r o c h e m i c a l  

a m p e r o m e t r i c  s e n s o r  f o r  H 2 i n  d r y  g a s  m i x t u r e s  w i t h  d r y  c h l o r i n e .

A r r o w s  i n  F i g u r e  2 . 1 2  i n d i c a t e  t h e  p o i n t  i n  t i m e  a t  w h i c h  t h e  

g a s  a t m o s p h e r e  w a s  c h a n g e d  t o  a n o t h e r  v a l u e .  C l e a r l y  t h e  s e n s o r  i s  

r e s p o n d i n g  t o  t h e  c h a n g e  o f  h y d r o g e n  c o n c e n t r a t i o n .

T h e  a d v a n t a g e  o f  t h i s  s e n s o r  r e l a t i v e  t o  t h e  P d / H  e l e c t r i c a l  

r e s i s t a n c e  i s  t h e  r e l a t i v e  r a p i d i t y  o f  r e s p o n s e  t o  a  c h a n g e  o f  h y d r o g e n  p r e s s u r e .  

I t  f o l l o w s  f r o m  t h e  f a c t  t h a t  t h e  d e t e c t i o n  p r i n c i p l e  i s  n o t  d e p e n d e n t  u p o n  t h e  

a b s o r p t i o n  o f  h y d r o g e n .  H o w e v e r  i t  i s  b e l i e v e d  t h a t  t h e  a m p e r o m e t r i c  s e n s o r  

m a y  r e q u i r e  p e r i o d i c  r e c a l i b r a t i o n  o r  r e g e n e r a t i o n  o f  t h e  p l a t i n u m  a n o d e  d u e  

t o  t h e  p r o g r e s s i v e  l o s s  o f  t h e  e l e c t r o c h e m i c a l  r e a c t i v i t y .
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