
CHAPTER II 
LITERATURE SURVEY

2.1 Selective Diffusion of Gases through Solids

According to membrane-based separation processes, separations may be 
achieved by selectively passing (permeating) one or more components of a 
stream through a membrane while retarding the passage of one or more other 
components (Humphrey and Keller, 1997). Therefore, the composition of the 
material passing through the membrane is different from that not passing 
through. It is important to note that there are four different mechanisms, as 
shown in Figure 2.1;

Porous membranes Molecular sieving (surface diffusion)

Figure 2.1 Mechanism for permeation of gases through porous and dense gas- 
separation polymer (Ruthen, 1997).
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2.1.1 Diffusion Mechanism
2.1.1.1 Convective Flow

If the pores are relatively large, in the range 0.1-10 pm, 
gases permeate the membrane by convective flow, and there is no separation.

2.1.1.2 Knudsen Diffusion
If the pores are smaller than 0.1 pm, the pore diameter 

is the same size or smaller than mean free path of the gas molecules. Diffusion 
through such pores is governed by Knudsen diffusion. According to the 
Graham’s law of diffusion, the permeation rate of different gases is inversely 
proportional to the square root of the molecular weight.

2.1.1.3 Molecular Sieving (Surface Diffusion)
If membrane pores are veiy small, of order 0.5-2 ท]ท, 

then molecules are separated by molecular sieving. This molecular sieving is 
useful in separating molecules of different sizes. It is physically selective and 
hinges on the relative sizes of the diffusing species and the pore. This 
mechanism allows small molecules to pass through the porous medium but 
retards larger molecules, by having enough pores which are of such a size that 
the large molecules are unable to pass through.

2.1.1.4 Solution-Diffusion
This mechanism becomes operative, below 0.5 nm 

particle size such as permeation of gases through polymers when the driving 
force for transport is either concentration or pressure. Polymeric films in 
general can be regarded as interspersed crystalline and amorphous regions. 
The regular structure in crystalline region is assumed to be impermeable to 
liquids and gases. On the other hand, the polymer segments in the amorphous 
phase can have thermal motion and are able to be pushed aside to make space 
for permeated molecules.
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The permeation process through a polymer material 
consists of three steps, as follows (Perry, 1984);

1. Solution of the permeant molecules at the upstream side of polymer
2. Diffusion of these molecules through the polymer
3. Desoiption at the downstream side of polymer

Gas transport through dense polymers is governed by the following equation;

p i ( p  1 ( 0 )  -  p  i ( l )  )  
1

( 2 . 1 )

0 .. = i
u p j ( 2 . 2 )

where Jj is the flux of component i.
P i (o )  and Pi(i) are the partial pressure of the component i on the either 

side of the polymer.
1 is the polymer thickness.
Pi and Pj are constant called the membrane permeability of component 

i and j, respectively, which is a measure of the membrane ’ร ability to 
permeate gas.

otj is the selectivity.

Permeability (Pj) can be expressed in terms of the 
diffusion coefficient (Dj) and the Henry’s Law sorption coefficient or Henry’s 
Law constant (Si). The former reflects the mobility of the individual molecules 
in the polymer materials. The latter influences the number of molecules 
dissolved in the polymer materials. In order to identify the selectivity of a
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polymer, equation (2.2) is modified and written as equation (2.3) (Winston and 
Sirkar, 1992).

(2.3)

The ratio Dj/Dj is the ratio of the diffusion coefficient 
which can be indicated as the mobility selectivity, reflecting the different sizes 
of two molecules. If the molecule i is larger than j, then the mobility selectivity 
will always be less than one. For all polymer materials, the diffusion 
coefficient decreases with increasing molecular size, since larger molecules 
interact with more segments of the polymer chain than do smaller molecules. 
Therefore, the mobility selectivity always favors the passage of small 
molecules over large ones. The magnitude of the mobility selectivity term is 
different for glassy and rubbery materials (see Figure 2.2). With increasing 
permeant size, diffusion coefficients in glassy materials decrease dramatically 
when compare to the diffusion coefficient in rubber, in which the polymer 
chain can rotate.

The ratio Sj/Sj is the ratio of the Henry’s Law sorption 
coefficient which can be termed the sorption or solubility selectivity, reflecting 
the relative condensabilities of two gases. This ratio is normally greater than 
one, hence, larger molecules are more soluble than smaller ones. The sorption 
coefficient of gases or vapors, which is a measure of the energy required for 
the permeant to be sorbed by the polymer, increases with increasing 
condensability of the permeant and molecular diameter because large 
molecules are normally more condensable than smaller ones. The difference 
between the soiption coefficients of permeants in rubbery and glassy polymers 
is much less than those of the diffusion coefficients.
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Figure 2.2 Diffusion Coefficient as a function of molar volume for a variety 
of permeants in natural rubber and in poly(vinyl chloride )(PVC)
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Ln glassy polymers, the mobility term is usually dominant. 
The permeability drops with increasmg permeant size whereas the 
permeability increases with increasing permeant size. The larger molecules 
permeate preferentially in rubbery polymers, in which the sorption selectivity 
term is dominant, (see Figure 2.3).

van dcf Waals molar volume. cm3/mol

Figure 2.3 Permeability' as a function of molar volume for a rubbery and 
glassy polymers.
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2.1.1.4.1 Transport in Rubbery Polymers
Permeation in rubbery polymers above their 

glass-transition temperature can be described by Fick’s First Law (equation
2.1). A mathematical solution for the finite solid with a constant diffusion 
coefficient can evaluate the total amount of permeate Q [cm3 (STP) /cm2] 
passing through the polymer from t=0 to t=t.

Q = DC,,0,t C J (2.4)

Equation (2.4) shows that the amount of permeant increases linearly with t. 
When extrapolating back the linear portion of Q vs. t plot to the time axis, one 
obtains an intercept t = 0, where Q = 0 and

D M (2.5)

0 is the diffusion time lag and provides an experimental method for the 
determination of D.

The diffusion coefficient, Permeability 
Coefficient, and solubility constant for gases may be expressed by equations 
of Arrhenius form (Barrer, 1939):

D = Do exp(-E[) /RT)
P = Po exp(-Ep /RT)
ร = So exp(-A Hs /RT )

where D0,Po, So are constants, cm2/s, [cm3(STP) .cm]/(cm2.s.cmFIg), and [cm3 
(STP)] /cm3.cmHg),respectively.
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El) is activation energy for diffusion, cal/(gmol).
Ep is activation energy for permeation, cal/(gmol).

AHs is heat of solution, cal/(gmol).
R is gas constant, cal/(gmol.K).
T is the absolute temperature, K.

2.1.1.4.2 Transport in Glassy Polymers
Gas soiption in glassy polymers is more 

complicated due to the more restricted segment motions so that these materials 
offer enhanced mobility selectivity as compared to rubbery polymers. 
Transport in glassy polymers is most often governed by penetrant size. The 
correlation between the diffusivity D and the physical property Ed, for glassy 
polymers, traditionally invoked in rubbery polymer tends to break down. The 
existing influence in the Arrhenius plot of D near the glass-temperature is 
shown in Figure 2.4. The physical characteristic of glassy polymers is the 
“unrelaxed ” volume locked into these materials when they are quenched 
below the glass transition. The first occupied soiption is viewed arising from 
uptake into a dissolved environment similar to soiption in low molecular 
weight liquids and rubbery polymers, and is described by a Heniy’s Law 
relation. The second occupied soiption is viewed as being due to uptake into 
the unrelaxed volume or “ microvoids” present in glassy polymers, which is 
described as a Lang-muir “hole-filling” process. Therefore, the total soiption is 
the sum of these two populations as follows;

C = CD + CS (2.6)

c 'sb pc = Sp + 1 + bp (2.7)
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where ร is the Henry’s Law constant, 
p IS the penetrant pressure.
Cs' and b are the Langmuir capacity constant [ cm3 (STP) /cm3 ] and 

affinity constant [ cm3 (STP) /cm3 ], respectively.

Figure 2.4 Temperature-dependence of the diffusion constants for argon and 
oxygen in polyvinyl acetate.

The permeation กนX is expressed as:

N = -D eff~ (2.8)
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where Deft- is the effective diffusion coefficient which is dependent on 
concentration. The effective diffusivity determined by low-pressure time-lag 
measurements corresponds to the following equation:

lim pi—>0A — lim pi_»o(DefT ) — D 1 +  F B  
1 +  B

(2.9)

where D is diffusion coefficient which is due to “ dissolved ” concentration 
component and is the only applicable diffusion coefficient above the 
glass-transition temperature.

F is ratio of the diffusion coefficient of the permeate in “ holes” to the 
diffusion coefficient of the permeate in the true solution D.

B = C'Hb/S
Pi is the upstream driving force.

The permeability in this dual-mode -sorption 
model is given by the following equation:

p  = S D 1 + F B   ̂
l + bply

(2.10)

According to equation (2.10), the first term 
determines transport in the Henry’s Law environment, while the second term 
is related to the Langmuir environment. There is also a limit equal to SD, 
equation2.41, at high pressure as shown in Figure 2.5.



25

Figure 2.5 Pressure-permeability coefficients relationship of C 02 transport in 
glassy polycarbonate (1 barrer = 10'10 cm3(STP) cm/s cm2 cmHg).

2.1.2 Transport by Laminates
Reciprocal permeability is an additive property when 

permeabilities are not dependent on pressure. This equation is applied to the 
great majority of laminates or barriers in series provided each of the barriers 
making up the laminate (including adhesive layers) which has a permeability 
coefficient. It should be noted that the thickness of each layer ,1„ must be taken 
into account and that 1 = I1+I2+I3+. . In (He et al., 1996)

2.1.3. Factors Affecting the Diffusivity of Gas
2.1.3.1 Nature o f Gases

As a whole (Crank and Park, 1965), it is clear from the 
mechanism of the activated diffusion process that the larger holes need to be 
formed in the polymer for the diffusion of larger molecules and require larger
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energies for large holes formation. Hence, tile activation energy will be larger 
for the diffusion of larger molecules and the diffusivity will be smaller. 
Otherwise, it is found that the activation energy is composed of an 
intermolecular term, Ej, and an intramolecular teim, Eb. The first depends upon 
the penetrant molecule diameter, C7p, the average diameter of the high polymer 
molecule, CTC, the dimension corresponded to the free volume per unit length of 
chain molecule ((j)1'2 /2) and the segment length, ร. The second is related to the 
penetrant molecule diameter, Gp, the dimension corresponded to the free 
volume per unit length of chain molecule (<เ>1,2 /2), the segment length ร, and 
the length of one backbone chain bond A measured along the chain axis. For a 
particular polymer, the effect of penetrant molecule diameter is dependent on 
the relative magnitudes of the intermolecular and intramolecular energies. For 
the predominance of intermolecular energy, the activation energy will vary 
directly with the penetrant molecule diameter whereas it will vary directly 
with the square of the penetrant molecular diameter for the predominance of 
intramolecular energy.

2.1.3.2 Nature o f Polymers
From the hole theory of diffusion, the rate of diffusion

will depend on

• The number and size distr ibution of pre-existing holes upon the ease and 
degree of packing of the chains and the relevant to the free volume and the 
density.

• The ease of hole formation will depend on the segment chain mobility, i.e. 
the chain stiffness, and on the cohesive energy of the polymer.

• The degree of crystallinity and of crosslinking as well as additives such as 
fillers and plasticizers.
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The introduction of unsaturation into the polymer 
backbone lends greater ease of rotation to the chains leading to higher 
diffusivity of penetrants or greater chain flexibility of the unsaturated polymer 
(shown in Table 2.1).

Table 2.1 The effect of unsaturation on the diffusion of octadecane in 
polymers at 50 °c

Polymer Density @ 25 °c DxlO7
Polybutadiene 0.892 3.62

Polybutadiene 92% 0.894 1.40
saturated
G.R.S. rubber 0.932 2.29
G.R.S.rubber 97% 0.903 1.21
saturated
Polyisoprene 0.909 3.06

The intr oduction of methyl groups decreases the chain 
flexibility and causes lower diffusion constants as well as a greater energy of 
the activation for diffusion. It is thought that a longer chain segment may be 
consistent due to steric hindrance. Similarly, in a series of amorphous 
ethylene-propylene copolymers, the diffusivity decreases with increasing 
propylene content.

The introduction of polar side-chains causing an 
increase in the cohesive energy of the polymers also leads to a decrease in the 
gases diffusivity and an increase in the activation energy.
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Chain flexibility and cohesive energy also effect other 
properties of a polymer, such as glass temperature. In general, the glass 
temperature affects the diffusivities and activation energy. The - glass 
temperature increases with decreasing diffusivities and increasing activation 
energy.

2.1.3.3 Effect o f Glass Temperature
For an Arrhenius plot of all the studied gas diffusivities 

and permeability coefficients, there is a distinct change of slope at the glass 
transition point with a lower-energy of activation for the polymer in the glassy 
state. This is an indication of a less well-defined intermediate region near the 
glass transition point with a smaller slope than above or below it. However, 
there was no inflection in the Arrhenius plots of the diffusivities, nor in the 
permeability. In a study of the diffusion of gases through a vinyl chloride-vinyl 
acetate copolymer, it was found that there was no effect of the glass transition 
for all gases, except C 02. Since the number of holes doesn’t substantially 
change above the glass temperature this leads to a size of the hole changes,
i.e., the amplitude of the segmental oscillations or rotation increases. If the 
penetrant were small enough, only minor changes would be displayed since 
the probability of a penetrant molecule encountering a hole would remain 
roughly the same. For the larger penetrant molecules, a more importance 
dependence of the size on the glass transition can be seen. Consequently, for 
the studied copolymer, C 02 would represent the limiting size in spite of cases 
for polyvinyl acetate or polyethylene terephthalate, almost all the penetrants 
were large enough to detect this effect.

When the penetrant size is much less than the average 
hole size in the polymer, it is suggested that diffusion takes place by localized 
activated jumps from one pre-existing cavity to another. As the size of the 
penetrant increases or the hole size decreases, this mechanism may cease to be
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d o m in a n t b e c a u se  o f  fe w e r  a v a ila b le  c a v it ie s  to  a c c o m m o d a te  th e p en etran t  
m o le c u le . M u ch  larger n u m b ers o f  m o n o m e r  se g m e n ts  w il l  th u s n e e d  to  b e  
rearran ged  fo r  th e p en etran t to  p a ss  fro m  o n e  c a v ity  to  a n oth er . S u b se q u e n tly ,  
th is  p r o c e ss  b e c o m e s  m ore  d ep e n d e n t o n  th e  m a c r o s c o p ic  free  v o lu m e  o f  th e  
p o ly m e r . S in c e  th e rate o f  c h a n g e  o f  th e free  v o lu m e  w ith  tem p era tu re  a ffe c ts  
th e c h a n g e s  at th e  g la s s  tem p eratu re , a c h a n g e  in  s lo p e  o f  th e A rrh en iu s  p lo ts  
w ill  b e  o b se r v e d  su ch  as m e n tio n e d  a b o v e  fo r  e x a m p le , p o ly e th y l  m eth a cry la te  
w h ic h  h a s a large  a v era g e  ca v ity .

2.1.3.4 Effect o f Crosslinking
T h e d e g r e e  c r o ss lin k in g  in c r e a se s , th e  d if fu s io n  

c o n sta n ts  d e c r e a se  and th e m a g n itu d e  o f  th e  c h a n g e  is  grea ter , th e  larger  the  
p en etra n t m o le c u le . In a d d itio n , th e e n e r g y  o f  a c t iv a tio n  fo r  d if fu s io n  an d  th e  
p r e -e x p o n e n tia l fa c to r  in c r e a se s  w ith  in c r e a se d  c r o s s lin k in g . F in a lly , the  
c r y s ta ll in it ie s  th e m se lv e s  act as g ia n t c r o s s lin k s  and ten d  to  im m o b il iz e  th e  
ch a in s .

2.1.3.5 Effects o f Plasticizers and Relative Humidity
T h e  a d d itio n  o f  a p la s t ic iz e r  to  a p o ly m e r  d e c r e a se s  th e  

c o h e s iv e  fo r c e s  b e tw e e n  th e ch a in . A s  a resu lt, it in c r e a se s  se g m e n ta l m o b ility  
an d  h e n c e  in c r e a se s  th e  rate o f  d if fu s io n  and lo w e r s  th e  a c t iv a t io n  e n e r g y . T h e  
e f f e c t  o f  r e la tiv e  h u m id ity  o n  g a s  d if fu s io n  in  p o ly m e r s  v a r ie s  w id e ly .  In c a se  
o f  lo w  s o lu b ility  o f  w a ter  in  th e p o ly m e r , le s s  th an  1 %  R H , th ere  is  n o  e f fe c t  
w h e r e a s , in  in term ed ia te  c a s e s  (u p  to  2 0  % ), th ere  a r ise s  a sm a ll r e d u c tio n  in  
th e  d if fu s iv ity  in  so m e  c a se s  and an in c r e a se  in  o th ers.

2 .2  P a lla d iu m  - H y d r o g e n  D if fu s io n  a n d  A b s o r p t io n

T h e  in tera c tio n  o f  h y d r o g e n  w ith  m e ta ls  is  fu n d a m e n ta l to  th is  stu d y . 
T h e  d is s o c ia t iv e  c h e m iso r p tio n  o f  m o le c u la r  h y d r o g e n  o n  tr a n s it io n -m e ta l
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su r fa c e s  is o n e  o f  th e  s im p le st  h e te r o g e n e o u s  c h e m ic a l r ea c tio n s . T h is  rea ctio n  
is  a lso  im p ortan t in  m a n y  in d u str ia lly  im p ortan t ca ta ly tic  p r o c e s se s  su ch  as  
o le f in  h y d r o g e n a tio n , th e F ish er -T ro p sch  p r o c e ss , and a m m o n ia  sy n th e s is . 
M o r e o v e r , th e  su b seq u en t p erm ea tio n  o f  a to m ic  h y d ro g en  in to  th e  b u lk  g iv e s  
r ise  to  su c h  d e le te r io u s  e f fe c ts  a s  h y d r o g e n -in d u c ed  em b r ittlem en t and  
cra ck in g . P en etra tio n  o f  h y d ro g en  in to  th e  b u lk  is  im p ortan t in  th e first  
in tera c tio n s  in fu s io n  reactors an d  m eta l h y d r id e  so lid -s ta te  h y d r o g e n  sto ra g e  
m a ter ia ls .

2 .2 .1  T h e  K in e tic  o f  H y d ro g en  A b so rp tio n  in  P a lla d iu m
A u e r  and G rab k e ( 1 9 7 4 )  s tu d ied  th e  k in e t ic s  o f  h y d ro g en  

a b so rp tio n  o n  a  P d su rfa ce  a s  fo llo w s ,

H ,  =  2  H  ( d is s o lv e d  ) (2  11 )

F i g u r e  2 .6  S c h e m a tic  d r a w in g  o f  tw o  h y d ro g en  a b so rp tio n  iso th erm s.
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S ie v e r ts  la w  is v a lid  at lo w  c o n c e n tr a tio n s  in  Pd (r e g io n  1 in the  
sc h e m a tic  d r a w in g  o f  th e  iso th erm , F igu re  2 .6 ) .

P H21/2 =  K .X h

F or r e g io n  II, th e  tra n sfo rm a tio n  o f  th e a- to  P -p h a se  is  a p p r o x im a te ly  

g iv e n  b y
P h2 1/2 =  K .x H.e x p (E x H/R T )

In th e  r e g io n  III in  F ig u re  2 .6  or th e p -p h a se , th e  iso th e r m  can  be  

e x p r e s se d  b y  th e  em p ir ica l law ;

In PH2 1'2 =  -A (T )  +  B (T )  x „

T h e  r a te -d e te n n in in g  step  is  th e d is s o c ia t io n  o f  th e  H 2 -m o le c u le  o n  th e  
m eta l su r fa ce . It is  a ssu m e d  that th e fo rm a tio n  o f  th e  a c t iv a te d  c o m p le x  o n e  
a to m  (p r o to n ) a lrea d y  en ters an in terstitia l s ite  in  th e  la ttic e . F or lo w  h y d r o g e n  

c o n c e n tr a t io n s  XH in th e a -p h a s e  Pd an d  in  th e P d -A g  a llo y , w h e r e  S ie v e r ts  
la w  a p p lie s  (R e g io n  1 in  F igu re  2 .6 ) ,  th e fo l lo w in g  rate la w  is  v a lid .

V =  k 1
1 + K x P h, - k '

K x
1 +  K x ( 2 .1 2 )

w h e r e  k an d  k ’ are th e rate c o n sta n t fo r  th e  fo rw a rd  r e a c tio n  an d  th e  b a ck w a rd  
r e a c tio n , r e s p e c t iv e ly  K  is  th e  eq u ilib r iu m  c o n sta n t fo r  th e  a d so rp tio n
e q u ilib r iu m  [ H (d is s o lv e d  ) < ______H (a d so r b e d ) ]. Xu is  th e  m o le  fra c tio n  o f
h y d r o g e n  an d  p H 2  is  th e  h y d r o g e n  partia l p ressu re .

A c c o r d in g  to  th e rate la w , th ere  is  a se g r e g a tio n  e q u ilib r iu m  b e tw e e n  

d is s o lv e d  a to m s and a to m s in  th e  in terstitia l r e a c tio n  s ite s . F or th e  a -p h a s e  Pd, 
th e  e n th a lp y  o f  th is  se g r e g a tio n  is  - 1 . 9  k c a l/ m o l H . T h e  fo rw a rd  rea c tio n  and  
b a ck w a rd  a c t iv a tio n  en e r g y  are 6 .8  k ca l an d  1 1 .5  k ca l, r e s p e c t iv e ly ,  w h ic h  
g iv e s  a rea c tio n  en th a lp y  o f - 4 . 7  k c a l/m o l แ 2 .
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F or th e P d -A g  a llo y , in  d ilu te  so lu tio n , th e a c t iv a tio n  e n e r g ie s  
o b v io u s ly  are in  th e  sa m e ran ge, as on  th e Pd, 7 to  9  k c a l/ m o l H 2. T h e  in itia l 
ra tes o f  th e fo rw a rd  rea c tio n  in crea se  w ith  in c r e a s in g  s i lv e r  c o n te n t  o f  the  
a llo y .

B u c u r  et al. ( 1 9 7 6 )  h a v e  p r o p o se d  a n o th er  m o d e l fo r  h y d r o g e n  
a b so r p tio n  in  p a lla d iu m  in  w h ic h  b o th  th e  a b so rp tio n  an d  th e  d e so r p tio n  c y c le s  
are c o n tr o lle d  b y  tw o  s u c c e s s iv e  partia l step s;

1. T h e  s e c o n d  ord er step , w h ic h  is  r e sp e c t  to  so r b e d  H an d  o c c u r s  in  
th e  ea r ly  s ta g e s  o f  th e  p r o c e s se s , is  th e d is s o c ia t io n  o f  H y d r o g e n  
(D e u te r iu m ) m o le c u le s  (a b so r p tio n ) an d  th e  r e c o m b in a tio n  o f  th e  
su r fa c e  h y d r o g e n  ( D eu ter iu m  ) a tom  ( d e so r p tio n  )

H  (a d s o r b e d  ) <-» H ( b u l k  ) ( 2 1 3 )

2 . T h e  fir st ord er step  (d if fu s io n  s te p ) w a s  e ith er  th e  tra n sfer  o f  H a tom  
fro m  th e  su r fa ce  in to  th e b u lk  o f  P a lla d iu m  or th e  su r fa c e  m ig ra tio n  
o f  th e  h y d r o g e n  a tom  from  o n e  ty p e  o f  a d s o ip t io n  s ite  to  an oth er , 
w h ic h  b e c o m e s  o p e r a tiv e  in  th e  la st s ta g e  o f  th e  p r o c e s s .

H ,( g a s )  <-> 2 H (a d so rb e d )  (2 .1 4 )
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Hz (g) ------— ►
(2)

2 H a’ M------------------► 2 H d

(4)
(3 )

F i g u r e  2 .7  S c h e m a tic a l d iagram  o f  th e a b so rp tio n  and th e d e so r p tio n  c y c le s  
fo r  h y d r o g e n  o n  p a lla d iu m .

T h e  rem o v a l o f  a d so rb ed  h y d r o g e n  is  m o re  d if f ic u lt  and  
req u ired  a h ig h e r  tem p eratu re . T h e se  resu lts  su g g e s t  that th e  so rp tio n  or 
r e m o v a l o f  h y d r o g e n  in  or from  p a lla d iu m , in b o th  th e  a d so rb ed  an d  a b so rb ed  
sta te s , c o u ld  tak e p la c e  th rou gh  tw o  in d e p e n d en t p a th w a y s  w ith  th e  fo l lo w in g  
su g g e s te d  m e c h a n ism , as sh o w n  in  F igu re  2 .7 . T h e  d is s o lu t io n  o f  h y d r o g e n  
o c c u r s  th ro u g h  th e  c h e m iso r p tio n  step  (1 )  and tra n sfer  s tep  (2 )  until 
eq u ilib r iu m  is  e s ta b lish e d  b e tw e e n  th e g a s  p h a se  an d  th e  d is s o lv e d  h y d ro g en .  
T h e  tra n sfer  s tep  is  fa ster  than all th e o th er  s tep s  and th e  “ p r e -d is s o lv e d ” sta te  

H a' is  in  e q u ilib r iu m  w ith  th e  d is s o lv e d  o n e , H d. T h e  su r fa c e  m ig ra tio n  step  (3 )  
starts in  th e  la st  s ta g e  o f  th e  a b so ip t io n  p r o c e ss  and it is  th e  ra te -d e ter m in in g  
step  u n til c o m p le te  eq u ilib r iu m  is  o b ta in ed  b e tw e e n  th e  b u lk  h y d r o g e n  and th e  

a d so rb ed  s p e c ie s ,  H a' an d  H a" (fir s t  ord er k in e t ic s ) . O th e r w ise , it c o u ld  b e  
su p p o se d  that th e  H 2 m o le c u le  m a y  b e  a d so rb ed  d ir e c t ly  from  th e  g a s  p h a se ,  
s tep  (4 ) ,  b u t th is  p ro b a b ility  is  v ery  sm a ll b e c a u se  o f  th e  h ig h  e n e r g y  barrier  
fo r  th e  d irec t a d so r p tio n  p r o c e ss .

O n  a m e ta llu r g ic a l Pd sa m p le  h a v in g  a sm o o th  su r fa ce , the  

d e n s ity  o f  th e  H a" a d so rp tio n  s ite s  is  sm a ll an d  so  th e  c o n tr ib u tio n  o f  the  
su r fa c e  m ig r a tio n  s tep  (3 )  is  n e g lig ib le . It f o l lo w s  from  th is  that d u r in g  the
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so rp tio n  p r o c e s s  c h e m iso r p tio n  is  th e o n ly  ra te -d e term in in g  step . O n  th e  o th er  
han d , o n  a P d sa m p le  w ith  a h ig h  su rfa ce  -  to  -  v o lu m e  ratio  (v a c u u m  
e v a p o r a tio n )  or  h ig h  a c t iv e  su r fa ce  area  (e le c tr o d e p o s it io n ) , th e  d e n s ity  o f  the  

H a" a d so ip t io n  s ite s  is  h ig h  and th e  q u a n tity  o f  a d so rb ed  h y d r o g e n  is 
co m p a ra b le  to  th e  d is s o lv e d  h y d ro g en . T h e fd lin g -u p  o f  th e se  a d s o ip t io n  s ite s  
th ro u g h  su r fa c e  m ig ra tio n  (3 )  b e c o m e s  th e ra te -d e ter m in in g  s tep  fo r  th e  
so rp tio n  p r o c e s s  an d  it o p era te s  w ith  fir st-o rd er  k in e tic s .

K a y  et al. ( 1 9 8 6 )  h a v e  s tu d ied  th e  in tera c tio n  o f  h y d r o g e n  w ith  
w e ll-c h a r a c te r iz e d  s in g le -c r y s ta l Pd su r fa ces . T h e  u p tak e rate is  lim ite d  b y  
b u lk  a to m ic  d if fu s io n  rather than  b y  d is so c ia t io n  c h e m iso r p t io n  s in c e  th e  
sq u a re -ro o t p ressu re  d e p e n d e n c e  o f  th e  in itia l a b so ip t io n  rate is  in d ic a t iv e  o f  a 
d iffu s io n  l im ite d  p r o c e ss . S im ila r  re su lts  are o b ta in e d  at o th er  tem p era tu res  

( 6 0 ,8 0 ,1 2 0 ,an d  1 40  C ). T h e  d if fu s io n  c o e f f ic ie n ts  d e te r m in e d  in  th is  s tu d y  a ie  
in  e x c e lle n t  a g r e e m e n t w ith  th e  a c c e p te d  v a lu e s  fo r  b u lk  d if fu s io n  o f  h y d ro g en  
th ro u g h  p a lla d iu m . F u rth erm ore, th eir  m ea su red  in itia l ra tes are b e tw e e n  5 0  
an d  100  t im e s  fa ster  than  th o se  fo u n d  b y  A u er  an d  G rab k e ( 1 9 7 4 )  e v e n  th o u g h  
th e ir  sa m p le  is  3 5 0  t im e s  th ick er . T h e y  su g g e s te d  th e lo w  a p p aren t H 2 
d is s o c ia t io n  p r o b a b ility  m a y  ar ise  fro m  u n ch a ra c ter ized  su r fa c e  c o n ta m in a tio n  
o n  th eir  sa m p le s .

A s  a b en ch m a rk  sy s te m  fo r  th e p o is o n in g  o f  tra n s it io n  m eta l 
su r fa c e s  is  th e  a d so ip t io n  o f  su lp h u r  0 1 1  Pd ( 1 0 0 )  and its in f lu e n c e  o n  the  
d is s o c ia t iv e  a d so ip t io n  o f  H 2. W ilk e  and S c h e ff le r  ( 1 9 9 5 )  u se d  d e n s ity  
fu n c tio n a l th e o r y  in  ord er  to  s tu d y  th e  a d so ip t io n  o f  h y d r o g e n  o n  c le a n  and  
su lp h u r  p r e c o v e r e d  P d (1 0 0 )  su r fa ces . T h e  resu lts  in d ic a te  that th e  p o iso n in g  
e f fe c t  o f  su lp h u r  is  n o t c a u se d  b y  a str ic t b lo c k in g  o f  h y d r o g e n  a d s o ip t io n  s ite s  

in  th e v ic in ity  o f  ร a to m s, su ch  as fo r  a ( 2 x 2 )  su lp h u r  a d la y e r  (c o v e r a g e  9  ร 
=  1 /4 ), h y d r o g e n  a d so ip t io n  rem a in s  an e x o th e r m ic  p r o c e s s  fo r  a ll su r fa ce  
h o llo w  s ite s  n o t o c c u p ie d  b y  su lp h u r. T h e  b lo c k in g  o f  h y d r o g e n  a d so ip t io n
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h a p p en s  o n ly  for  h ig h er  su lp h u r c o v e r a g e s  resu ltin g  from  th e  s tro n g  r e p u ls iv e  
H -S  in tera c tio n  w h ic h  b lo c k s  th e  ad sorp tion  o f  h y d ro g en  in th e  v ic in ity  o f  th e  
su lp h u r  a d a to m s.

O k u y a m a  et al. ( 1 9 9 8 )  h a v e  stu d ied  th e  path and m e c h a n ism  o f  

h y d ro g en  a b so rp tio n  at P d  ( 1 0 0 )  in th e  tem p eratu re ra n g e  (1 0 5 -2 0 0 ° K ) .  
A c c o r d in g  to  th e  a b so rp tio n  m e c h a n ism  (F ig u re  2 .7 ) ,  th e  sc h e m a tic a l e n e r g y  
v a r ia tio n  for  H  a to m s in th e  g a s-p h a se  H 2(I) o n  P d ( 10 0 )(I I ) , at th e  su b su r fa c e  
s ite s  (III), an d  in  th e  P d b u lk  (IV )  is  sh o w n  in  F ig u re  2 .8 .

Vacuum

5 J  kcal/m ol p i ]

1.2 kcaVmol [29]
[011]

F i g u r e  2 .8  E n e r g y  d ia g ra m  for H n ear th e  P d (1 0 0 )  su r fa ce  ( so lid  c u rv e ).

b S X
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T h ere  are th ree b a s ic  e le m e n ta r y  s te p s  to  th e p r o c e s s  o f  
a b so rp tio n  o f  H 2 b y  p a lla d iu m .

1. d is so c ia t io n  on  th e su r fa ce  ( 1  11 )
2 . p en e tra tio n  in to  th e  su b su rfa ce  s ite s  ( II III )
3 . b u lk  d if fu s io n  ( III IV )

B e lo w  120  K , H a to m s p en etra te  v ia  q u an tu m  tu n n e lin g  and  
rem a in  at th e  su b su rfa c e  s ite s  to  form  p a lla d iu m  h y d r id e , w h ic h  g iv e s  r ise  to  a 
m o le c u la r  h y d r o g e n  d eso rp tio n  p eak  at 155 K. T h e  a b so ip t io n  e n e r g y  fo r  th e  
su b su r fa c e  s ite  is  e stim a ted  to b e  3 .4  k ca l m olT T 1. A t h ig h er  tem p era tu res , the  
h y d r o g e n  a to m s d if fu se  th erm a lly  in to  th e Pd b u lk  d u rin g  e x p o su r e  an d  d eso rb  
at arou n d  3 0 0  K , e x h ib it in g  a broad  structure. A n  is o to p e  d if fe r e n c e  is  
o b se r v e d  in  th e  a b so ip t io n  sta te  w h ic h  is  a s so c ia te d  w ith  th e  h ig h e r  m o b ility  o f  
D . T h e  a c t iv a tio n  e n e r g ie s  o f  p en e tra tio n  in to  th e  su b su r fa c e  s ite s  are 
d e te r m in e d  to  b e  1.1 k ca l m o lH '1 and 0 .8  k ca l m o lD " 1.

2 .2 .2  P o ly m e r  -  H y d ro g en  D if fu s io n
A c c o r d in g  to  tran sp ort th o u g h  p o ly m e r ic  m e m b r a n e s , the  

se p a ra tio n  fo r  m em b ra n e -b a sed  p r o c e s se s  is  th e r e su lt  o f  th e d if fe r e n c e s  in  the  
tran sp ort ra tes o f  th e c h e m ic a l s p e c ie s  th rou gh  th e  in te r fa c e  (P in to  et al., 
1 9 9 9 ). T h ere  are three ty p e s  o f  m a ss  tran sp ort th ro u g h  m em b ra n es: p a ss iv e ,  
fa c ilita te d , an d  a c t iv e , w h ic h  all d ep en d  on  w h eth er  th is  o c c u r s  111 fa v o u r  o f  or  
a g a in st  th e  e le c tr o c h e m ic a l p o ten tia l g ra d ien t o f  th e  sy s te m .

•  P a s s iv e  transport, th e  m em b ra n e  acts  as a barrier th ro u g h  w h ic h  the  
c o m p o n e n ts  are tran sp orted  u n d er  th e  e f f e c t  o f  a g ra d ien t an d  th eir  
e le c tr o c h e m ic a l p o ten tia l grad ien t.
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•  F a c ilita te d  transport, as w e l l  as th e e f f e c t  o f  an e le c tr o c h e m ic a l  
p o ten tia l g ra d ien t, th e  c o m p o n e n ts  rea ct w ith  a carrier  in the  
m em b ra n e; th ere fo re , p e r m e a b ility  in c r e a se s  c o n s id e r a b ly .

•  A c t iv e  transport, th e p erm ea ted  s p e c ie s  can  b e  tran sp orted  a g a in st  
th e  g ra d ien t o f  th e ir  e le c tr o c h e m ic a l p o ten tia l. T h e  d r iv in g  fo r c e  for  
tra n sp o rta tio n  is  p ro d u ced  b y  a c h e m ic a l r ea c tio n  o ccu rr in g  in s id e  
th e  m em b ran e .

T ran sp ort th ro u g h  m em b ra n es is  a n o n -e q u ilib r iu m  p r o c e s s , w h ic h  is  re la ted  to  
b u lk  fo rce . T h e se  fo r c e  are m a in ly  d u e to  d if fe r e n c e  in  co n cen tra tio n ,  
d iffe r e n c e  in  p ressu re  and d iffe r e n c e  in  e le c tr ic a l p o te n tia l, le a d in g  to  f lo w s  o f  
m a ss  , o f  v o lu m e  and o f  ch a rg e , r e sp e c t iv e ly .

H u g h es  and J ian g  (1 9 9 5 )  h a v e  s tu d ie d  th e  p e r m e a b ilit ie s  o f  
C 0 2, N 20 ,  an d  0 2 and th eir  m ix tu res  th rou gh  s i l ic o n e  ru b b er and c e l lu lo s e  
a ce ta te  m em b ra n es. For s i l ic o n e  rubber, N 20  h ad  th e h ig h e s t  p e r m e a b ility  
w ith  C 0 2, 0 2, fo l lo w in g  r e sp e c t iv e ly . A ll th ree  g a s e s  are fe e d  p ressu re  
in d e p e n d en t, b ut there w a s  tem p eratu re  d e p e n d e n c e  o f  N 20  and C 0 2 
p e r m e a b ility  c o e f f ic ie n t s  w h e r e a s  d o e s  h a v e  an e f f e c t  on  th e  0 2 p e r m e a b ility  
in c r e a s in g  w ith  tem p eratu re. O n  th e  o th er  h an d , b o th  C 0 2 an d  N 20  
p e r m e a b ility  c o e f f ic ie n ts  in c r e a se  w ith  th e p ressu re  ratio , w h e r e a s  th e fe e d  
p ressu re  h as n o  e f fe c t  o n  th e  0 2 p e r m e a b ility  c o e f f ic ie n t  in  c e l lu lo s e  a ce ta te  
m em b ra n e . A  c o m p a r iso n  o f  th e p e r m e a b ility  c o e f f ic ie n t s  fo r  s i l ic o n e  rubber  

and c e l lu lo s e  a ce ta te  w a s  m a d e  at 100  k P a  and 2 2 0  c .  It in d ic a te  that 
c e l lu lo s e  a ce ta te  g iv e s  m u ch  h ig h e r  p e r m e a b ilit ie s  than s i l ic o n e  rubber, but 
th ere  is  n o  s e le c t iv e  sep a ra tio n  b e tw e e n  N 20  and C 0 2 w h ic h  it is  p ro b a b ly  d u e  
to  th e ir  s im ila r ity  in p h y s ic a l p ro p erties . T h e  d ia m eters  o f  m o le c u le s  are 

sim ila r , 3 .8 3  A  for  N 20  and 3 .9 4  A  fo r  C 0 2, and th e  p e r m e a b ility  

c o e f f ic ie n t s  a ie  e s se n t ia lly  id en tica l ( P C0 2  =  1.32ÔX 10 '10, p N2o  =  1 .3 2 6  X 
10‘l() m 3m  m"2 ร'1 kPa"1).
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M a tsu y a m a  et al. ( 1 9 9 9 )  h a v e  stu d ied  fa c ilita te d  tran sp ort o f  
C O 2  th ro u g h  p o ly e th y le n im in e  (P E I ) /p o ly (v in y la lc o h o l)  (P V A )  b len d  
m em b ra n e . P E I/P V A  b len d  m em b ra n es w e r e  p rep ared  and th e fa c ilita te d  
tran sp ort o f  C 0 2 w a s  in v e s t ig a te d  s in c e  th e C 0 2 p e r m e a n c e  d e c r e a se d  w ith  the  
in c r e a se  in  th e  C 0 2 partial p ressu re , w h e r e a s  th e N 2 p e r m e a n c e  w a s  n ea r ly  
co n sta n t. In a d d itio n , PEI fu n c tio n e d  e f f ic ie n t ly  as th e  e a r n e r  o f  C O 2 . T h e  PEI 
w t %  e f fe c t  in  th e  b len d  m em b ra n e  o n  th e p e r m e a b ility  an d  th e s e le c t iv ity  w a s  
in v e s t ig a te d . T h e  C 0 2 and N 2 p e r m e a b ilit ie s  in c r e a se d  m o n o to n ic a lly  w ith  
in c r e a s in g  PEI w t  %  b e c a u se  th e m em b ra n e  b e c o m e  m o re  s w o lle n  at the  
c o n d it io n  o f  th e  h ig h er  PEI w t %.

F or c o m p o s ite  m em b ra n es, an im p ro v ed  r e s is ta n c e  m o d e l b a sed  
o n  H e n is -T r ip o d i’s m o d e l fo r  g a s  p erm ea tio n  in  c o m p o s ite  m em b ra n e  h a s b een  
e s ta b lish e d . T h e  e f fe c ts  o f  the d eg ree  o f  p en etra tio n , th e  th ic k n e s s  o f  the  
c o a t in g  la y er , th e  su r fa ce  p o r o s ity  o f  th e d e n se  layer , an d  th e  sep a ra tio n  fa cto r  
o f  th e  c o m p o s ite  m em b ra n e  h a v e  b e e n  stu d ied . T h e y  fo u n d  that th e  d eg ree  o f  
p en e tra tio n  h a s an  im p ortan t e f fe c t  o n  th e m em b ra n e  sep a ra tio n  p ro p ertie s . It 
is  r e c o m m e n d e d  that m a k in g  th e d eg ree  o f  p en etra tio n  g rea ter  than  0 .4  w ill  
p ro v id e  h ig h  s e le c t iv e  c o m p o s ite  m em b ra n es. T h e  grea ter  d e g r e e  o f  
p en e tra tio n , th e  h ig h er  sep a ra tio n  fa cto r  w il l  n o t d e c r e a se  th e  p e rm ea tio n  f lu x  
o f  th e  c o m p o s ite  m em b ra n e . T h e  th ic k n e ss  o f  th e  c o a t in g  la y e r  is  very  
im p o rta n t fo r  c o n tr o llin g  th e  d eg ree  o f  p en e tra tio n  an d  th e  th ic k n e s s  o f  the  
c o a t in g  la y e r  .T h e  d ee p e r  th e co a tin g  m a ter ia ls  p en e tra te  in to  th e  p o res  the  
th in n er  th e  th ic k n e s s  o f  c o a tin g  layer , th e h ig h er  th e  m em b ra n e  sep a ra tio n . T h e  

e f f e c t  o f  p o r o s ity  is  an im p ortan t w ith  a sm a lle r  p o r o s ity  (ร ), g iv in g  a .la rg e r  
d e g r e e  o f  p en etra tio n .

O h  and Z u ra w sk y  (1 9 9 6 )  h a v e  e x a m in e d  th e b a s ic  transport 
p ro p e r tie s  o f  p la sm a  p o ly m e r /d e n se  p o ly m e r  c o m p o s ite  m em b ra n es  and  
d e te r m in e d  w h e th e r  th e p ro p ertie s  o f  th e  p la sm a  p o ly m e r  c o a t in g s  are s im ila r
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to  th o se  on  p o r o u s  p o ly m e r  su b stra tes, and w h e th e r  th e  p ro p e r tie s  o f  the  
c o m p o s ite s  can  b e  s u f f ic ie n t ly  d e f in e d  from  a s im p le  r e s is ta n c e  in  s e n e s  
m o d e l. T h e y  fo u n d  that the p e n n e a t io n  p ro p erties  o f  th e  p la sm a  p o ly m e r  f ilm s  
o n  d e n se  p o ly m e r  su b stra tes is  th e sa m e as th o se  o f  th e p la sm a  p o ly m e r  f ilm s  
o n  p o ro u s  su b stra tes  w h e n  c o a tin g  on  th e d e n se  p o ly m e r  su b stra te  are th ick er  

than a b o u t 0 .1 2  p m . T h e  p e r m e a b ilit ie s  o f  th e c o m p o s ite s  d e p e n d  lin e a r ly  on  
th e  th ic k n e ss  o f  th e  p la sm a  p o ly m e r  co a tin g  and th e c o m p o s ite  p ro p er tie s . For 
0 2 and C 0 2 p erm ea tio n , th e c o m p o s ite s  b e h a v e  id e a lly  w ith in  e x p e r im e n ta l 
error, w h e r e a s , fo r  N 2 and C H 4, b oth  d ev ia te  from  th e  s im p le  r e s is ta n c e  in  
se r ie s  m o d e l, w h ic h  h a s the a d d itio n a l r e s is ta n c e  to  p e n n e a t io n  d u e  to  p la sm a  
m o d if ic a t io n  o f  th e  P D M S  su b strate . CFL} in d ic a te s  th e  la r g e st d e v ia t io n  from  
th e r e s is ta n c e  in  se r ie s  m o d e l. T h is  m a y  b e  d u e  to  th e la rg est o f  th e  te s ted  
p e n n e a te s . T h e  a d d itio n a l or in ter fa c ia l r e s is ta n c e  a r ise s  as an A n h e n iu s  
tem p era tu re  d e p e n d e n c e .

In o rg a n ic  m em b ra n es h a v e  r e c e n tly  b e e n  in v e s t ig a te d  d u e  to  
th eir  u n iq u e  p rop erties: g o o d  th erm al, c h e m ic a l and stru ctu re s ta b ility , lo n g  
l ife  in  a p p lic a tio n  and a b ility  o f  h a v in g  c a ta ly tic  and e le c tr ic a l p ro p er tie s . T h e  
m ic r o p o r o u s  in o r g a n ic  m em b ra n e  is  g o v e r n e d  b y  th e K n u d sen  d if fu s io n  
m e c h a n ism  (C h a i et ai, 1 9 9 4 ). T h is  k in d  o f  m em b ra n e  w a s  p rep a red  for  
s e le c t iv e  sep a ra tio n  o f  h y d ro g en  u s in g  th e  s o l-g e l  m eth o d . It w a s  fo u n d  that 
th e  p e r m e a b ility  o f  h y d ro g en  and the sep a ra tio n  fa c to r  fo r  th e  g a se o u s  
h y d r o g e n /n itr o g e n  m ix tu re  u s in g  m e ta l-d isp e r se d  m e m b r a n e s , su ch  as R u-, 
R h -, P d -, N i- ,  and  P t-A l20 }  m em b ra n es e x c e e d e d  th e e x p e c te d  v a lu e  for  
K n u d sen  d if fu s io n . T h ere fo re , a lth o u g h  th e ga s p e r m e a tio n  th ro u g h  the  
a lu m in a  m em b ra n e  w a s  g o v e r n e d  b y  K n u d sen  d if fu s io n , th e m eta l p a r tic le s  
d isp e r se d  in  th e  a lu m in a  m em b ra n es a ffe c te d  th e h y d r o g e n  p e n n e a t io n .  
O th e r w ise , th e  sep a ra tio n  fa c to rs  o f  th e R h -, R u -, P d -, P t- an d  N i-  for  
d isp e r se d  a lu m in a  m em b ra n es in c r e a se d  w ith  in c r e a s in g  tem p era tu re , as d id  
th e  p e n n s e le c t iv ity .
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A sy m m e tr ic  m o le c u la r  s ie v e  carb on  m em b ra n es  w e r e  stu d ied  
b y  S h u sen  et al. (1 9 9 6 ) .  T h ere  w e r e  fo rm ed  b y  c o n v e n tio n a l p y r o ly s is  o f  a 
th e r m o se tt in g  p o ly m e r ic  f i lm , fo l lo w e d  b y  u n eq u a l o x id a tio n . T h e  m o le c u la r  
s ie v e  ca rb o n  m em b ra n e  is ra p id ly  d e v e lo p in g  d u e  to  its  e x c e lle n t  
c h a ra c ter is tic s  fo r  g a s  sep a ra tio n  as co m p a red  w ith  p o ly m e r ic  m e m b ra n es .  
E x p e r im e n ta l r e su lts  in d ic a te  that th ic k n e ss  and p ore  s iz e  o f  th e  c e r a m ic  sh e e t  
e x er t an im p o rta n t e f f e c t  on  th e  m em b ran e  p ro p ertie s . H e n c e , K n u d sen  
d if fu s io n  c a n  sep a ra te  g a s e s  a c c o r d in g  to  th eir  m o le c u la r  w e ig h t . W ith  regard  
to  th e  k in e tic  th e o iy ,  th e  lig h ter  g a s e s  are e x p e c te d  to  d if fu s e  fa ster  in  the  
K n u d sen  d if fu s io n  reg im e . T a b le  2 .2  in d ic a te s  that th is  is  n o t a lw a y s  th e c a se . 
C o n se q u e n tly , K n u d sen  d if fu s io n  ca n n o t e x p la in  th e  e x p e r im e n ta l r e su lts  in  
T a b le  2 .2 .

T a b l e  2 .2  P ure g a s  p e r m e a b ilit ie s  o f  a ty p ica l a sy m m e tr ic  ca rb o n  m em b ra n e  
(u n it  B arrer)(a)

M em b ra n e  T y p e h 2 0 2 n 2

S il ic o n e  ru bber  
m em b ra n e

5 2 0 3 9 6 184

S y m m e tr ic  carb on  
m em b ra n e

1 7 1 0 2 4 0

A sy m m e tr ic  
ca rb o n  m em b ra n e

5 1 0 0 2 3 0 0 2 1 6

(a ) 1 B arrer is  1 0 '10 c m 3(S T P ) c m /s  c m 2cm H g
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T h e  rem a in in g  fe a s ib le  c o n tr o llin g  m e c h a n ism  is  m o le c u la r  
s ie v in g . M o le c u la r  s ie v e s  are p o ro u s m em b ra n es that c o n ta in  p o res  o f  
m o le c u la r  d im e n s io n s  w h ic h  can  e x h ib it  s e le c t iv ity  d u e  to  th e  s iz e  o f  the  
m o le c u le . T h e  p erm ea b ility  o f  g a s e s  th rou gh  the a sy m m e tr ic  ca rb o n  m em b ra n e  
ap p ears to  b e  re la ted  to  th e ir  k in e tic  d ia m eter  su p p o rtin g  th e m o le c u la r  s ie v in g  
m e c h a n ism  ( s e e  T a b le 2 .3 ) .

T a b l e  2 .3  M o le c u la r  w e ig h t  an d  k in e tic  d ia m eter  o f  f e e d  g a s e s

G a s K in e tic  d ia m eter  (iu n ) M o le c u la r  w e ig h t
(g /m o l)  * 02

H 2 0 .2 9 7  2 .0

0 2 0 .3 5 4  3 2 .0

N 2 0 .3 7 5 2 8 .0
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