
BACKGROUND AND LITERATURE SURVEY
CHAPTER II

2.1 Theory of Gas Transport in Membranes

The mechanism of gas separation by non-porous membranes is basically 
different from that of microporous membranes in which gasses are separated by 
differences in their molecular weights as they traverse pores by Knudsen diffusion. 
In non-porous membranes, the gas molecules actually dissolve and diffuse in the 
dense membrane matrix. Therefore, the mechanism of permeation is usually 
considered to consist of three steps: (1 ) absorption or adsorption upon the upstream 
boundary, (2) activated diffusion through the membrane, and (3) dissolution or 
evaporation from the downstream boundary. This solution-diffusion mechanism is 
driven by a difference in thermodynamic activity existing at the upstream and 
downstream faces of a membrane. The activity difference causes a concentration 
difference that leads to diffusion in the direction of decreasing activity (Resting and 
Fritzsche, 1993).

Typical gradients for a binary mixture (A and B) are shown in Figure 2.1. 
Henry's law is assumed to apply for each gas, and equilibrium is assumed at the 
interface.
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Figure 2.1 Gradients in a dense polymer membrane (McCabe e t a l., 1993).
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where
Cm , Ca2= Concentration of A at upstream and downstream boundary, respectively 
Cbi, Cb2-  Concentration of B at upstream and downstream boundary, respectively 
P a i ,  P A 2 = Partial pressure of A at upstream and downstream boundary, respectively 
P b i ,  P B 2 = Partial pressure of B at upstream and downstream boundary, respectively 

z  = Membrane thickness

The gas-film resistances are neglected for this case, so the partial pressures at 
the gas-polymer interface are the same as those in the bulk. The flux for gas A, JA, is

โ dCAl D c  -  cV-"A1 ^ A 2
dz z

where D a  = Diffusion coefficient

The concentrations are related to the partial pressures by the solubility 
coefficient ร, which has units such as mol/cm3-atm (ร is the reciprocal of the Henry’s 
law coefficient).

c „  = P AS A CB = P BSB (22)

Using Eq.(2.2) to replace to the concentration gradient with a pressure 
gradient gives

T _  ^ a ^ a ( P a 1 P a î )  (2.3)

2

The product DaSa is the flux per unit pressure gradient, which is called the 
permeability coefficient qA and is often expressed in Barrers, where 1 Barrer = 10"10 
cm3(STP)-cm/cm2-sec-cmHg

Since the actual membrane thickness is not always known or specified for 
commercial membranes, it is customary to use the flux per unit pressure difference, 
which is called the permeability, PA : (McCabe e t a l ., 1993)

J  = q AtPA, - P a >
A z =  P a < P a , - P aJ

(2.4)
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PA is a measure of the membrane's ability to permeate gas. The ability of a
membrane to separate two gases, for example A and B, is the ratio of their
permeabilities, a AB, called the membrane selectivity.

S in ce  the perm eability  depends on both D A reflectin g  the m ob ility  o f  the 
individual m o lecu les  in the m em brane m aterial, and the other ร A reflecting the 
num ber o f  m o lecu les  d isso lv ed  in the m em brane m aterial. Thus E q .(2 .5 ) can also be  
rewritten as :

a-AB D . S a
รร (2.6)

T he ratio o f  D a/D b is the ratio o f  the d iffu sion  co e ffic ien ts  o f  the tw o gases  
and can b e v iew ed  as the m ob ility  selectiv ity , reflecting the different s izes  o f  the tw o  
m olecu les. T he ratio o f  S a/S b is the ratio o f  the Henry's law  sorption coeffic ien ts  o f  
tw o gases and can be v iew ed  as the sorption or so lu b ility  se lectiv ity , reflecting the 
relative con d en sab ilities o f  tw o gases. The balance b etw een  the sorption selectiv ity  
and the m ob ility  se lec tiv ity  determ ines w hether a m em brane m aterial is se lec tiv e  for 
large or sm all m o lecu les in a gas m ixture. M em branes w ith  both high perm eability  
and se lec tiv ity  are desirable. A  higher perm eability d ecreases the am ount o f  
m em brane area required to treat a g iven  am ount o f  gas, thereby decreasing the 
capital cost o f  m em brane units. The higher se lectiv ity  m em brane g ives, the higher 
purity product gas it produces (Orthmer, 1981).

2.2 Plasticization

In general perm eability  w ill not depend on d ifferent pressure. B ecau se  
perm eability  is F lux d iv ided  by different pressure. It m eans that effect o f  pressure on  
perm eability  is elim inated . Therefore, the perm eability w ill be constant at any 
pressure. H ow ever  the perm eability w ill increase w ith  increasing pressure. B ecause  
penetrant acts as a p lasticizer to decrease interaction b etw een  polym er chains. The
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interaction b etw een  penetrant and m em brane w ill change property o f  mem brane. 
The net e ffect o f  decreased  polym er-polym er interaction is introduction to increase 
free vo lu m e. O n the m acro level it m eans that increasing the softn ess and on the 
chain segm en tal lev e l it m eans that increasing m obility. T herefore the perm eability  
w ill increase due to p lasticization . In m ixture feed system  i f  one com ponent can 
p lastic ize  in m em brane it w ill increase the perm eability o f  the other com ponent. So  
m em brane w ill lo ss selectiv ity .

2.3 Literature Review

2.3 .1  M ixed  M atrix M em branes
O ver the past 30 years, relatively few  attem pts im proved  gas 

separation m em brane perform ance w ith  m ixed  matrix m em branes. The perm eability  
and se lec tiv ity  va lues o f  m em branes should  b e as h igh as p o ssib le  for their efficient  
use in industrial gas separation applications. The attractive points o f  m em brane are 
high energy e ffic ien cy  and low er cost, so there are m any separation p rocesses that 
change from  con ven tion al p rocesses such as d istillation , absorption to m em brane 
process. There are 2 types o f  m ixed  matrix m em branes.

1) D ispersed  L iquid-Polym er M M M
K ulprathipanja and Kulkrani (1 9 8 6  and 1988) used  m em brane that 

w as com p o sed  o f  p o lyethy len e g lyco l (PE G ) em u lsified  s ilico n e  rubber and porous 
p olysu lfon e support. T he results sh ow ed  that the se lec tiv ities  o f  s ilico n e  rubber/PEG  
on p o lysu lfon e  w ere h igher than the va lues obtained from  the s ilicon e  rubber alone 
on p olysu lfon e. The increase in se lectiv ities  w as reached to h igher perm eation o f  
polar gases through PEG  that resulted from the so lub ility  o f  polar gases in PEG. The 
effic ien cy  o f  M M M  depended on am ount o f  PEG  in s ilico n e  rubber phase.

Li et al. (1 9 9 8 ) investigated  about the e ffect o f  p o lyethy len e glycol 
(PEG ) on  gas perm eabilities and se lectiv ities  in a series o f  m isc ib le  ce llu lo se  acetate 
(C A ) blend m em branes. T hey used C 0 2, H 2, N 2, C H 4, and 0 2 as the sam ple gases. 
T hey found that 10 wt%  PEG  having m olecu lar w eigh t o f  2 0 0 0 0  exh ib ited  higher 
perm eability  for C 0 2 and higher perm eability for C 0 2 over N 2 and C H 4 than another 
m em brane w h ich  contains 10wt% PEG  o f  the m olecular w eigh t in the range 200-
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6000 . T he C A  blend m em brane containing 60wt%  P E G 20 00 0  sh ow ed  that its 
perm eability co effic ien ts  o f  C O 2 and ideal separation factors for C O 2 over N 2 

reached ab ove 2*1 O'8 cm 3(S T P ).cm /cm 2.s .cm H g and 22 , resp ective ly  at 7 0 ° c  and 20  
cm H g. S o lu b ility  co effic ien ts  o f  all C A /P E G  blend m em branes for C O 2 w ere low er  
than those o f  the C A  m em brane. H ow ever, a lm ost all the blend m em branes 
containing P E G 20 00 0  sh ow ed  higher d iffu siv ity  co effic ien ts  for C O 2, resulting in 
higher p erm eability  co effic ien ts  o f  C O 2 w ith  relation to those o f  the C A  m em brane.

Thanks to high perform ance o f  PEG , it can im prove selectiv ity . 
H ow ever unstable PEG  w as, V ijitjunya (20 0 1 ) used N a X  zeo lite  to stab ilize PEG  by  
the adsorption o f  PEG  into its pores. The ob jective  o f  this w ork w as to protect the 
PEG leak age from M M M . The propylene se lec tiv ity  w as enhanced and this w as 
attributed to the presence o f  PEG  in N a X  pores.

2) D ispersed  S olid -P olym er M M M
S ilica lite  had significant potential for increasing the perm eabilities and 

se lec tiv ities  o f  ce llu lo se  acetate for the separation o f  C O 2 from  H 2(Kulprathipanja 
a n d N e u z il, 1992).

Furthermore, in 1993 D uval et al. in vestigated  the effect o f  the 
introduction o f  sp ecific  adsorbents on the gas separation properties o f  polym eric  
m em brane. B oth  carbon m olecu lar s iev es and zeo lite  w ere considered. The results 
show ed  that zeo lites  such as s ilica te -1, 13X  and K Y  im proved the separation  
properties o f  poorly  se lec tiv e  rubbery polym er tow ards a m ixture o f  carbon 
d ioxide/m ethane. S om e o f  the filled  rubbery p olym ers ach ieved  separation  
properties com parable to ce llu lo se  acetate, p o lysu lfon e or p olyethersu lfone. U sin g  
silica te - 1 a lso  resulted in an im provem ent o f  the oxygen /n itrogen  separation  
properties. Carbon m olecu lar s iev es did not im prove the separation perform ance or 
only  to very sm all extent. T his is caused by a m ain ly dead-end porous structure.

Suer, Bac and Y ilm az (199 4) studied m ix ed  m atrix m em brane w hich  
com prises o f  p olyethersu lfone (PE S) and hydrophilic z eo lite s  13X  and 4A . The 
perm eation rates o f  N 2 , 0 2 ,  Ar, C 0 2  and H 2 w ere m easured w ith  a variety o f  
m em branes prepared at d ifferent zeo lite  loadings. T hey found that for both zeo litic  
additives, perm eabilities and se lectiv ities are enhanced at h igh  zeo lite  loadings.
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A d d itiona lly , the addition o f  zeo lites  s ilica lite -1 , N a X  and A g X  to 
rubbery polym er (E P D M  w h ich  is a cop o lym er o f  p o lyeth y len e  and polypropylene) 
m em branes w as d iscu ssed  by B oom , Bargem an and Strathm ann in 1994. The 
m em branes w ere used  for pervaporation o f  m ethan ol/to lu en e m ixtures and for the 
separation o f  ethane and ethylene. R esu lts sh ow ed  that the addition o f  zeo lites  can 
lead to an increase in both perm eability and se lec tiv ity  o f  the m em branes. The 
increase in  se lec tiv ity  results from a longer pathw ay for the s lo w est com ponent 
around the zeo lite  particle, w h ile  the increase in  p erm eability  is exp lained  by an 
increase in sorption experim ents.

S in gh  and K oros (19 9 6 ) com pared d iffu siv ity  se lec tiv ity  o f  (ว2 over N 2 

in the three different k inds o f  m aterials, nam ely, zeo lite  4 A , carbon m olecu lar s ieve  
(C M S), and upper bound polypyrrolone at 3 5 ° c . T h ey  found that D 0 2 /DN2 o f  4A  
zeo lite , C M S and upper bound polypyrrolone are 104, 2 5 -4 5 , and 5 .1 , respectively. 
Sin ce d iffu sio n  w as an activated process in both m olecu lar s iev in g  and polym eric  
m edia and lim itin g  rotational degrees o f  freedom  o f  n itrogen  w h ile  a llo w in g  free 
rotation for the sligh tly  sm aller ox yg en  m olecu le .

C ontinuously, in 1997 Zim m erm an et al. used  M a x w e ll’s equation and 
effec tiv e  m edium  theory (E M T ) to estim ate m ixed  m atrix com p osite  (M M C ) 
m em brane perform ance b y  indicate that significant im provem ents should  be 
ach ievab le under optim um  condition. It m eant that g o od  m aterial se lection  and 
defect e lim ination . T h ey  found that CM S w as attractive i f  a proper m atrix polym er  
w as selected  to separate O 2 and N 2 .

B irgul Tantekin-E rsolm az et al. (20 0 0 ) studied  the effect o f  particle 
size  on the perform ance o f  zeo lite-p olym er m ixed  matrix m em brane as a function o f  
the zeo lite  loading. P olyd im eth ylsiloxan e (P D M S , i.e. s ilico n e  rubber) w as chosen  
as the polym er phase and silica lite  w as used  as the zeo lite  filler. C O 2 , N 2, and O 2 

w ere the sam p le gases. T h ey found that the perm eabilities o f  the silica lite-P D M S  
M M M  increase w ith  increasing particle size. The variations occurring in the 
perm eability  va lu es w ith  changes m ade in  the particle s ize  w ere m uch more 
pronounced at the h igher zeo lite  loading. The ideal se lec tiv ity  va lues from M M M  
w ere less  affected  by the changes m ade in the particle s ize . T he perm eability o f  all
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gases from  M M M  w as h igher than original polym er m em brane on ly  at h igher zeo lite  
loading and larger particle s izes.

M ahajan and K oros (2 0 0 0 ) gave tw o k ey  requirem ents for su ccess to 
m ach s ie v e  and p olym er transport properties: m olecu lar adsorption o f  the polym er  
onto the s ie v e  surface, and polym er flex ib ility  during m em brane form ation. This 
work used  p o ly (v in y l acetate)-zeo lite  4 A  M M M  to separate O 2 and N 2 b y  pure 
p oly(v in y l acetate) gave O.0 2 /N2 =  5.9  and 15 vol%  zeo lite  4 A  in p o ly (v in y l acetate) 
gave (X0 2 /N2 =  7 .3 -7 .6 .

B irgul Tantekin-E rsolm az et al. (2 0 0 1 ) studied  on  the perform ances o f  
various zeo lite  filled  polym eric m em branes in  the separation o f  n-pentane from i- 
pentane as the function o f  zeo lite  loading and various experim ental con d ition  such as 
activation  tem perature and S i/A l ratio. T hey used  p o lyd im eth y lsiloxan e (P D M S ) as 
the polym er phase and H Z S M -5, N aZ S M -5, 4 A  and 5 A  as zeo lite  fillers. They  
found that n on e o f  the zeo lite-P D M S  m ixed  matrix m em branes investigated  in this 
study cou ld  provide n-pentane/i-pentane ideal se lec tiv ities  higher than that o f  the 
unfilled  polym eric m em brane under the experim ental con d ition s em ployed . But the 
binary perm eation  o f  these sp ecies m ay lead to a d ifferent result. n -P entane show ed  
low er p erm eability  than for the pure polym er. On the other hand, i-pentane  
perm eability  w as even  increases w ith  increased zeo lite  load in g in case  o f  4 A -P D M S . 
The rela tively  lo w  n-pentane/i-pentane se lectiv ities  obtained in  this study should not 
b e generalized  to all types o f  zeolite-p olym er m ixed  m atrix m em branes, so the ability  
o f  the zeo lite  to separate b etw een  linear and branched paraffins in zeolite-p olym er  
M M M  sh ou ld  be continuous investigated.

B esid es zeo lite , carbon m olecu lar s iev es (C M S s) are in teresting to use 
as a d ispersed  phase in m ixed  m atrix m em branes b ecau se o f  lo w  price and high  
surface area.

In 20 03  V u, K oros and M iller used carbon m olecu lar s iev es  that have  
been incorporated into tw o different polym er m atrices to form  m ix ed  matrix 
m em brane film s for C O 2/C H 4 and O 2/N 2 separations. M ixed  m atrix film s com prising  
high C M S particle loading (up to 35w t% ) dispersed w ith  in  tw o polym er m atrices 
(M atrim id® 5218 and Ultem ® 1000) w ere form ed from flat-sheet so lu tion  casting. 
T hey found that for U ltem @-C M S m ixed  matrix m em brane film s, pure gas
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perm eability  tests sh ow ed  enhancem ents by as m uch as 40%  in  C O 2/C H 4 se lectiv ity  
over pure Ultem ® polym er matrix. For M atrim id®-C M S m ixed  m atrix film s, 
enhancem ents b y  as m uch as 45%  in C O 2/C H 4 se lec tiv ity  w ere observed. Like 
C O 2/C H 4 se lectiv ity , O 2/N 2 se lec tiv ity  sh ow ed  as m uch  as 8 % for the U ltem ® -CM S  
and 20%  for M atrim id®-C M S m ixed  matrix film s over pure polym er m atrix. From  
this w ork M M M  enhanced both selectiv ity  and perm eability.

2 .3 .2  P lasticization
Jordan and K oros (19 9 0 ) investigated  the effect o f  pressure on  

perm eability  o f  H e, N 2, C H 4, C O 2, and C 2H 4 to con sid er p lasticization  and 
hydrostatic com p ression  effects in the range o f  pressure up to 60  atm. T h ey  found 
that p lastic ization  effec ts  tended to dom inate hydrostatic com p ression  effect for the 
m ore con d en sib le  penetrants (C 2H 4 and C O 2) w h ile  the reverse w as true for the low  
sorbing N 2 and He.

B o s et al. (19 9 9 ) investigated  CC>2-induced  p lasticization  phenom ena  
in 11 d ifferent g la ssy  polym ers. T hey found that polar groups o f  the polym er  
increase the tendency o f  a polym er to be plasticized .

W esslin g  et al. (20 0 1 ) used  double layer com p o site  m em branes w hich  
con sist o f  a s ilico n e  rubber support layer and a thin p o ly im id e layer to determ ine the 
perm eation properties o f  H e, N 2, O 2 and C O 2 . H elium  perm eation decreased  w ith  
increasing feed  pressure and no hysteresis behavior w as found for su ccessive  
increasing and d ecreasing feed  pressure steps. For C O 2 , its perm eability  increased  
w ith increasing feed  pressure and sh ow ed  a clear hysteresis effects. A nother result 
w as accelerated  p lasticization  w ith  decreasing film  p o ly im id e thickness.

Chan et al. (2 0 0 2 ) investigated  the transport o f  o le fin  and paraffin  
n am ely ethane, ethylene, propane and propylene in arom atic p o ly ( l ,5  - naphthalene 
2,2' - b is (3 ,4  - phtalic)hexafluoropropane) d iim ide d en se m em branes. T hey found  
that p lastic ization  e ffect w as on ly  found for propane and propylene.
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