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 Preface     

  The International Congress on Membranes and Membrane Processes (ICOM) meetings 
are the most important events for the community of membrane science and technology. 
They are organized once every three years in the succession: Europe, Asia, America. The 
most recent ICOM2008 took place in Honolulu, Hawaii (USA). According to the opinion 
of the editors of this volume it was one the most interesting meetings ever attended. 
Probably the greatest interest was the subject of membrane gas separation. There were 
fi ve sessions devoted to this sub - fi eld of membrane science and technology, more than 
to any other area discussed at ICOM2008. After strong competition, 30 submitted papers 
were selected by the program committee as oral presentations. The material of these 
presentations was so interesting and relevant for the fi eld that it occurred to us while in 
Honolulu that it would be worthwhile to publish a volume based on the oral presentations 
of the gas separation sessions. This book is conceived to give a snapshot of the current 
situation in membrane gas separation and related fi elds as described by the speakers at 
ICOM2008. In this regard it differs from the volume published several years ago, also by 
John Wiley & Sons, Ltd  [1] , which summarized the state of the art in this fi eld achieved 
during the last decade. 

 The results presented in this book were obtained owing to the activity of really inter-
national group of teams from Australia, Czech Republic, France, Germany, Italy, Japan, 
Poland, Russia, Slovenia, United Kingdom and USA. The chapters submitted by the 
authors were partitioned among four Sections. Before considering the contents of these 
sections it should be emphasized that many chapters focus on the most relevant problems; 
without a solution to these problems further progress of membrane gas separation looks 
doubtful. 

 Chapters  1 ,  4 ,  6  and  8  discuss the possible ways to prevent plasticization effects that 
result in signifi cant reduction in selectivity of separation of mixtures containing active 
(strongly sorbed) vapours. Recently it became clear that high permeability of certain 
polymer materials can be rationalized on the basis of the concept of inner porosity. 
In this regard, such polymers are similar to common porous inorganic media. In such 
polymers, mixed gas permeation is characterized by high selectivity, so the problem of 
plasticization is excluded. Transport behaviour of membranes with inner porosity is the 
subject of Chapters  2 ,  3  and  5 . Another approach that permits overcoming the plasticiza-
tion problem is an application of perfl uorinated polymers that reveal a reduced solubility 
of hydrocarbon vapours. Different aspects of the use of such membrane materials are 
considered in Chapters  4 ,  6  and  7 . Some of the contributions include interesting reviews 
of different problems of membrane gas separation (Chapters  1 ,  10 ,  14  and  15 ). 
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 Section  I  (Novel Membrane Materials and Transport in Them) focuses on the most 
recent advances in development of new membrane materials and considers the transport 
parameters and free volume of polymeric and even inorganic membranes. Kanehashi  
et al.  (Chapter  1 ) present a detailed review of hyperbranched polyimides, which are 
compared with more common cross - linked polyimides. These polymers with unusual 
architecture were studied in the hope that they would show weaker tendency to plasticiza-
tion than conventional linear polymers. However, many representatives of this new 
class of polymers reveal relatively poor fi lm forming properties due to absence of chain 
entanglement. Nonetheless, some promising results obtained can show directions of 
further studies. 

 The next two chapters deal with novel amorphous glassy polymers that are character-
ized by large free volume, high gas permeability and good combination of permeability 
and permselectivity. The polymer of intrinsic microporosity (PIM - 1, Chapter  2 ) has 
attracted a great attention in membrane community, and at present several polymers 
structurally similar to PIM - 1 have been prepared and characterized. This polymer has 
 ‘ inner ’  surface area of about 700   m 2 /g, higher than that of some sorts of carbon, and its 
gas and vapour solubility coeffi cients are the highest among all the polymers studied so 
far (even polytrimethylsilylpropyne). The subject of Chapter  3  is Si - containing addition -
 type polynorbornene, also having relatively high gas permeability. The polymers of this 
class have been the subject of investigation during the last decade; however, only the 
introduction of Si(CH 3 ) 3  groups into the monomer resulted in rather attractive properties 
of the polymer obtained. If somebody asked us 10 years ago which polymer structure 
would provide extra high permeability of the membrane materials, the answer would be: 
 ‘ Polyacetylenes and, maybe, some perfl uorinated polymers ’ . Now we see that much wider 
variation of polymer design can lead to large free volume and high permeability and dif-
fusivity. This result seems to be very optimistic for further activity of synthetic polymeric 
chemists aimed to create new membrane materials. 

 The objects of the investigation by Jansen  et al.  (Chapter  4 ) were perfl uorinated copoly-
mers of Hyfl on AD. The authors reported novel data on free volume, presented the results 
of computer modelling and the gas permeation parameters. It should be stressed that such 
comprehensive study of a polymer becomes more and more popular today if one wants 
to  understand  transport and sorption parameters of a membrane material. This chapter 
will give much  ‘ food ’  for future comparisons with other perfl uorinated polymers as well 
as conventional glassy polymers. 

 The aim of Chapter  5  by Thornton  et al.  was to give systematic consideration to dif-
ferent types of transport in porous membranes. They developed a new model that allows 
one to predict the separation outcome for a variety of membranes in which the pore shape, 
size and composition are known, and conversely to predict pore characteristics with 
known permeation rates. 

 An important event of recent years in membrane science was the discovery of a new 
phenomena observed when nano - particles are added into (mainly high permeability) 
polymer matrix: references to these pioneer works can be found in chapters of Section 
 II : Nanocomposite (Mixed Matrix) Membranes. So it is not surprising that several pres-
entations at ICOM2008 dealt with such systems. Golemme  et al.  (Chapter  6 ) investigated 
the system that contained perfl uorinated polymers and surface - fl uorinated zeolites as 
nano - additives. Perfl uorinated polymer AF2400 with nano - additives was also the object 
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of Chapter  7 , where detailed investigation of sorption and diffusion are presented. The 
authors showed a good agreement between a theoretical approach based on the NELF 
model and the experimental data for mixed matrix membranes. While the authors of these 
chapters introduced nano - particles into high permeability polymer matrices, Chapter  8  by 
Suzuki  et al.  presents a mixed matrix system based on hyperbranched polyimides. Maybe 
there is more reason to introduce nano - particles in such systems, because in polyimides, 
it is permeability and not permselectivity that usually requires to be increased. Indeed, 
it was shown that permeability coeffi cients of the hybrid membranes increased with 
increasing silica content because of additional formation of free volume elements. 
Especially large enhancements of CO 2  permeability was combined with improved CO 2 /
CH 4  separation factor. 

 Chapter  9  takes a special place in Section  II . For some time the problem of acceleration 
of membrane permeation of paramagnetic molecules of oxygen mixed with diamagnetic 
nitrogen has been discussed in membrane community, but only the team headed by 
Grzywna has demonstrated that it is really possible. For this purpose they introduced 
neodymium powder into fi lms of ethylcellulose and polyphenyleneoxide and exposed 
such fi lms to external magnetic fi elds. Quantitatively, the observed effects are rather 
modest, but the demonstration of the effect itself seems to be the main gain of this really 
pioneering study. 

 The problem of sequestration of carbon dioxide in order to tackle global warming is 
of utmost importance for the future of humanity. So, no wonder that several presentations 
at ICOM2008 tackled this subject. This is the theme of Section  III  (Membrane Separation 
of CO 2  from Gas Streams); however, to some extent the same problem is discussed in 
other chapters of this volume (2, 8, 14, 15). It is well known that Pebax copolymers show 
excellent transport parameters in separating gas mixtures containing carbon dioxide. 
So, Chapters  12  and  13  deal with certain modifi cations of this material. The polymers 
considered in Chapter  11  are rubbery polydimethylsiloxane and glassy polysulfone and 
polyimide Matrimid, but the main emphasis made in this chapter is on the effects 
of various minor impurities that can be presented in gaseous feedstock. Chapter  10  con-
siders the application of ionic liquids for the separation of the mixture containing carbon 
dioxide. It seems to us that an attentive reader will be able to compare the data of these 
four chapters and make some conclusions about advances and drawbacks of various 
membranes for separation of CO 2 . 

 The last section  ‘ Applied Aspects of Membrane Gas Separation ’  contains three chap-
ters. Brunetti  et al.  start their contribution with a brief review of membrane materials and 
membranes used in gas separation and survey the main directions of industrial applica-
tions of gas separation (hydrogen recovery, air separation, etc.). In the second part of their 
chapter they present a new concept for comparison of membrane and other, more tradi-
tional, methods for gas separation. Their approach includes a consideration of engineer-
ing, economical, environmental and social indicators. Something similar had been written 
15 years ago  [2]  but this analysis is now rather outdated. White (Chapter  15 ) focuses on 
a specifi c but very important problem in industrial gas separation: membrane separation 
of natural gas. The main emphasis is on cellulose acetate based membranes that have the 
longest history of practical applications. This chapter also contains the results of fi eld 
tests of these membranes and considers approaches how to reduce the size and cost of 
industrial membrane systems. The fi nal chapter is an example of detailed engineering 
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analysis of another membrane problem  –  the improvement of performance of a module 
for gas dehydration. 

 Finally, the editors wish to express their gratitude to all the contributors of this book. 
We also greatly appreciate the help and understanding of the publishers of this book, John 
Wiley and Sons, Ltd., Chichester, UK. 

     (1)       Materials Science of Membranes for Gas and Vapor Separation  ,   Yu.   Yampolskii  ,   I.   Pinnau  , 
  B. D.   Freeman  .  John Wiley & Sons, Ltd. ,  Chichester ,  2006 .  

  (2)       R.   Prasad  ,   R. L.   Shaner  ,   K. J.   Doshi  ,  Comparison of membranes and other gas separation 
technologies , in:  Polymeric Gas Separation Membranes , Ed. by   D. R.   Paul  ,   Yu. P.   Yampolskii  , 
 CRC Press ,  Boca Raton ,  1994 , p.  531 .     

 Benny Freeman 
 Yuri Yampolskii        
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Synthesis and Gas Permeability of 
Hyperbranched and Cross - linked 

Polyimide Membranes  

  Shinji     Kanehashi   ,    Shuichi     Sato    and    Kazukiyo     Nagai  
  Department of Applied Chemistry, Meiji University, Tama - ku, Kawasaki, Japan       

    1.1    Introduction 

 Recently, the polymer science fi eld has focused on the role of polymers as membrane 
materials with precise, well - ordered structures through the development of defi ned syn-
thesis and analysis of polymers. Among these well - ordered polymers are the hyper-
branched polymers (e.g. hyperbranched polyimides). Part of the interest in such polymers 
is due to the expectation that they could have different properties as compared to common 
linear polymers. Also, cross - linked polyimides have attracted much attention from 
researchers, as can be judged by a high number of publications. 

 In general, hyperbranched polymers have many orderly branching units whose struc-
tures are different compared to linear and randomly cross - linked polymers  [1 – 3] . 
According to the Commission on Macromolecular Nomenclature of the International 
Union of Pure and Applied Chemistry (IUPAC), a crosslink polymer is defi ned as a 
polymer having a small region in a macromolecule from which at least four chains 
emanate  [4] . It is formed by reactions involving sites or groups on existing macromole-
cules or by interactions between existing macromolecules. The word  ‘ network ’  is also 
defi ned as a highly ramifi ed macromolecule in which essentially each constitutional unit 
is connected to each other constitutional unit and to the macroscopic phase boundary by 
many permanent paths through the macromolecule, the number of such paths increasing 
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with the average number of intervening bonds; the paths must on the average be co -
 extensive with the macromolecule  [4] . In this chapter, we use the term crosslink polymer 
to describe a random cross - linked network between polymer segments. 

 Precisely branched polymers include hyperbranched polymers, dendrimers and den-
drons. Dendrimers and dendrons are characterized by perfectly controlled structures in 
three dimensions such as tree branch architecture, and they have attractive features such 
as a well - ordered chemical structure, molecular mass, size and confi guration of polymers 
 [5] . Although the precise order of shape of hyperbranched polymers is less than that of 
dendrimers and dendrons, hyperbranched polymers have unique properties such as low 
viscosity attributed to the lack of entanglement of polymer segments, and the possibility 
of chemical modifi cation in terminal functional groups such as in dendrimers  [1 – 3] . 

 Synthesis of hyperbranched polymers is typically performed through the self - 
polycondensation reaction of AB 2  - type monomers (Scheme  1.1 )  [6,7] . The theoretical 
study of the random AB  x   polycondensation has already been reported by Flory in 1952 
 [8] . He pointed out that the synthesis of hyperbranched polymers from AB  x   monomers 
should resemble linear polymers in their elusion of infi nite network (i.e. gelation) 
formation, which cannot occur except through the intervention of other interlinking 
reactions. Since then, there have only been a few experimental data made available on 
hyperbranched polymers; some have even been overlooked due to the fact that the use of 
the term hyperbranched polymers began only in the late 1980s. However, in early 1990s, 
hyperbranched polyphenylene was synthesized from AB 2  - type monomers  [9] . This 
marked the beginning of the reawakened hyperbranched polymer concept. A variety of 
hyperbranched polymers such as polyphenylene  [9] , polyimide  [10 – 12] , polyamide  [13 –
 15] , polyester  [16] , polyetherketone  [17]  and polycarbonate  [18]  have been reported in 
recent years. It is important that hyperbranched polymers with feathers of closed dendrons 
can be synthesized through the self - polycondensation one - step reaction because dendrim-
ers and dendrons are synthesized by multistep procedures (e.g. protection, coupling and 
deprotection cycles). Producing dendrimers and dendrons is also costly and requires 
complicated manufacturing processes for industrial applications.   

 On the one hand, linear aromatic polyimides have been generally used as electronic 
and aerospace materials because of their excellent mechanical strength, thermal, chemical 
and electronic/optic properties compared with other common amorphous polymers. 
Polyimides are also excellent membrane materials for gas separation due to their rigid 
chemical structures, allowing the production of larger functional free volume. Over the 
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past decades, numerous polyimides have been synthesized and their gas transport proper-
ties have been investigated. Scheme  1.2  shows the chemical structures of acid anhydrides 
and diamines mentioned in this chapter.   

 On the other hand, hyperbranched polyimides not only have the features of other 
hyperbranched polymers (e.g. low viscosity, good solubility) but also possess high thermal 
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Type I
Amorphous linear polymer

Type II
Amorphous crosslinked polymer

Type III
Hyperbranched polymer

Type IV

Dendrimer (left) and dendron(right)

     Figure 1.1     Architecture of polymers  

and physical stability, which is attributed to their rigid imide ring. It is commonly known 
that the kinds of terminal functional groups affect their physical properties, such as glass 
transition temperature and solubility  [19] . Hyperbranched polyimides have weak polymer 
chain interactions (lack of entanglement) and this affects their density, dielectric constant, 
refractive index and other properties  [19] . It is expected that they could provide an 
alternative to conventional polymer materials as novel functional and high - value added 
materials. Furthermore, hyperbranched polyimides could have a well - ordered structure 
compared with linear polyimides, which have a random distribution of polymer segments. 
Therefore, hyperbranched polyimides are expected to have favourable gas separation 
performance since their controlled branched structure could be advantageous in separating 
small molecules. Since the early 2000s, research on hyperbranched polyimides as gas 
separation materials has been reported, and these studies are still in progress  [20 – 26] . 

 Plasticization behaviour induced by condensable gases and vapours (e.g. carbon 
dioxide, hydrocarbons and other organic vapours) in polymer membranes is still a painful 
problem in polymeric membrane - based gas separation applications  [27,28] . Recently, 
novel hyperbranched polyimides were prepared from telechelic polyimides and an attempt 
was made to improve its gas separation performance and physical stability by obtaining 
plasticization - resistant materials  [29 – 33]  (see e.g. Chapters 4, 6 and 7 of this book). 

 This chapter presents a review of numerous publications devoted to the concept and 
synthesis of hyperbranched and cross - linked polyimides. Also, gas permeation properties 
of these polymers are considered in detail.  

   1.2    Molecular Designs for Membranes 

 There exist different architectures of polymer macromolecules, as is shown in Figure  1.1 .   
 Type I represents common linear polymers such as polysulfone, polycarbonate or poly-

styrene, for example. In glassy polymers, the movement of segments is frozen, though 
small - scale mobility of side groups is possible. In general they have good solubility in 
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various organic solvents; however, their gas permeation properties in the presence of 
organic vapours are affected by plasticization phenomena. 

 Type II. In randomly cross - linked polymers the solubility in organic solvents gradually 
decreases with the increasing degree of crosslink density. Too frequent crosslinks result 
in the gelation of the polymer and a decline in gas permeability while simultaneously 
permselectivity can increase. 

 Type III. Hyperbranched polymers have numerous branch units. They have low viscos-
ity, good solubility and are capable of being chemically modifi ed in terminal functional 
groups. Hyperbranched polymers have a potential to be good gas separation materials 
because their molecular - sized spaces between branched polymers can be controlled. 

 Type IV. Dendrimers and dendrons have perfectly and orderly branched tree - like 
structures. Their molecular mass increases with the growth of the number of generation. 
Dendrimers and dendrons, like common organic molecules, are perfectly controlled in 
terms of chemical structure, molecular mass, confi guration and distribution of polymers 
 [5] . Dendrons are well - ordered hyperbranched polymers and dendrimers are assembled 
from dendrons. It is expected that molecular - sized spaces between branched as well as 
hyperbranched polymers of dendrimers can be controlled and, therefore, could have high 
potential as gas separation membranes. An obvious disadvantage of dendrimers as mem-
brane materials is their poor fi lm - forming properties. 

 One of the key problems for polymeric gas separation membranes is gas and vapour -
 induced plasticization. The plasticization of polymers produces an enhancement of 
polymer chain mobility. It is a recognized fact that almost all polymeric membranes 
undergo swelling and plasticization under high pressure (concentration) of CO 2  and 
organic vapours, resulting in a signifi cant loss in gas separation performance. One of the 
effective techniques against plasticization of polymers is the crosslink approach. There 
is a trade - off relationship between polymer crosslink density and gas permeability. 

 The mobility of polymer chains is larger for their polymer terminal chain ends as 
compared to that for the sections of macromolecules inside main chains. Therefore, plas-
ticization may occur more easily around the polymer chain ends than in the polymer main 
chains. Moreover, if the number of polymer chain ends were minimized in a membrane, 
plasticization would be prevented. It is the hyperbranch structure that can create such 
behaviour in the case of rigid polymer chains. 

 Thus, we can state that the use of hyperbranched polyimides can enhance the resistance 
to plasticization of polymer membranes.  

   1.3    Synthesis of Hyperbranched Polyimides 

 Cross - linked (Type II) and hyperbranched (Type III) polyimides can be prepared for the 
use as gas separation membranes. There are no dendrimers and dendrons known, which 
would form free - standing membranes. Therefore, we focus on the synthesis of cross -
 linked (Type II) and hyperbranched (Type III) polyimides. 

   1.3.1    Amorphous Cross - linked Polyimides (Type  II ) 

 Generally, the aim of the study on crosslink polyimides is an attempt to enhance their gas 
selectivity and physical stability for gas - induced swelling and plasticization. Several 
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crosslink techniques such as monoesterifi cation and transesterifi cation reactions of car-
boxylic acid, imide ring - opening reactions, grafted with epoxy reactions, UV - induced 
cross - linking and Diels – Alder - type cyclization reactions have been reported. 

 The monoesterifi cation and transesterifi cation reactions of carboxylic acids were 
performed using the following steps. The carboxylic acid - containing polyimide was 
monoesterifi cated under acid catalyst and thermal treatment, and the transesterifi cation 
reaction was induced through further thermal treatment under vacuum. Many carboxylic 
acid - containing copolyimides have been synthesized and the crosslink reaction of the 
varieties of diol agents has been investigated  [34 – 42] . The structure of cross - linked 
membranes could be strongly affected by structures of the diol agent and polyimide 
compositions and annealing temperature after membrane formation. In the case of 6FDA -
 TMPD/DABA (3:2) cross - linked polyimides, 1,3 - propanediol can be considered as an 
effi cient crosslink agent  [42] . 

 The decarboxylation - induced cross - linking reaction of carboxylic acid is preceded by 
the reaction of the phenyl radical and the elimination of the carboxylic group by high 
temperature annealing  [43] . This decarboxylation - induced reaction is more sensitive to 
the reactivity of phenyl radicals rather than the effects of charge transfer complexing, 
oligomer and dianhydride formation. It was reported that the sites within the diamines 
section could be the TMPD methyl, biphenyl (between the carboxylic acid group) and at 
the site of cleaved CF 3  groups in 6FDA. 

 The imide ring - opening reaction occurred between the polyimide and primary diamine 
agents. Many chemical cross - linking reactions between 6FDA - based polyimides and 
primary diamines have been investigated  [44 – 52] . They were carried out by immersing 
the polyimide membranes into the methanol solution of amine compounds. The structure 
of the cross - linked membranes could depend on the structures of the primary amine 
agents and the reaction conditions such as the reaction time and temperature. Furthermore, 
the gas permeation properties in 6FDA - TMPD modifi ed by amine compounds were 
described  [44] . The cross - linking in 6FDA - TeMPD with dendrimers such as poly-
amidamine (PAMAM) and polypropyleneimide (DAB - AM) has also been reported 
 [53 – 56] . There was no doubt that they took place, as the measurements of gel fraction 
and FTIR data showed; in addition, the degree of crosslink density increased in the 
order of generations G1    >    G2    >    G3 at the same reaction. The dielectric constant increased 
with the reaction time owing to the decrease in the polymer chain ’ s mobility and free 
volume. 

 The etherifi cation reaction of polyimides is similar to the process of the imide ring -
 opening reaction. It was demonstrated for the reaction of polyimides with primary 
diamine and epoxy agents  [57,58]  (for example, for 6FDA - TeMPD polyimides and tet-
raglycidyldiaminodiphenylmethane (TGDDM), diethyltoluenediamine (DETDA)  [57] , 
TMPDA, 1,3 - phenylenediamine (PDA) and 4,4 ’  - (9 - fl uorenylidene)dianiline (FDA)  [58] ). 
The density of polymers and crosslink concentration increased with the increase in epoxy 
content. 

 It is known that the crosslink reaction proceeds with participation of photo reactive 
benzophenone and alkyl chains under UV irradiation  [59,60] . Many benzophenone -
 containing BTDA - based polyimides have been synthesized and their cross - linking inves-
tigated  [61 – 69] . The same effects as discussed earlier were observed due to increases in 
the UV irradiation time. 
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 Acetylene - terminated or internal acetylene imide oligomers were investigated for aero-
space and electronic applications, in particular because of their good thermal and envi-
ronmental stability  [70 – 74] . In respect of membrane application the aim of these studies 
was an enhancement of the physical stability under high pressure CO 2 , that is, resistance 
to plasticization. Recently, a co - polyimide was synthesized from 6FDA, TeMPD and 
4,4 ′  - diaminodiphenylacetylene ( p  - intA) having internal acetylene structure  [75] . After 
thermal treatment at 400    ° C of such a membrane (an internal acetylene membrane), the 
cycloaddition of a Diels – Alder - type reaction occurred, according to the results of DSC 
and FT - Raman spectroscopy. The cross - linked membrane was insoluble; however, no 
densifi cation of the membrane was observed.  

   1.3.2    Hyperbranched Polyimides (Type  III ) 

 Hyperbranched polyimides can result due to the self - polycondensation reactions of AB 2  - , 
A 2  -  and B 3  - types. The preparation of hyperbranched polyimides involves chemical 
imidization of polyamic acid ester synthesized from AB 2  - monomers, which are carboxylic 
dianhydrides containing an ether bond and a diamine  [6,19,76] . Polyamic acid in 
combination with a condensation agent is used because it is diffi cult to separate the 
synthesized polymer from AB 2  - type monomers. 

 For example, it is possible to prepare hyperbranched polyimides from 3,5 - 
dimethoxyphenol and 4 - nitrophthalonitrile in the presence of diphenyl(2,3 - dihydro - 2 -
 thioxo - 3 - benzoxazolyl) phosphonate (DBOP) as a condensation agent at room temperature. 
Hyperbranched polyimide was obtained through thermal or chemical imidization of the 
precursor (polyamic acid) (Scheme  1.3 )  [19] . The obtained hyperbranched polyimide had 
a relatively great molecular mass ( M  w ) of about 190   000   g   mol  − 1  but low intrinsic viscosity 
of 0.30   dL   g  − 1 . Therefore, it had a compact confi guration and the lack of entanglement of 
polymer chains. The polymer obtained via chemical imidization was soluble in aprotic 
polar solvents such as tetrahydrofuran (THF), while the polymer from thermal imidization 
was insoluble in any solvents.   

 Other examples of self - polycondensation of an AB 2  - type monomer containing an 
imide - ring via etherifi cation reactions can be found in the literature  [7,10,77] . The self -
 polycondensation can be performed though nucleophilic etherifi cation of silylated phenol 
and aryl fl uoride in diphenylsulfone at 240    ° C under the presence of caesium fl uoride 
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(Scheme  1.4 )  [7] . This reaction involved a nucleophilic substitution of the halogen 
group interacting with the electron - attracting imide - ring. It gave an increase in number 
average molecular mass ( M  n ) value from 52   000 to 85   000   g   mol  − 1 . The hyperbranched 
polyetherimide was soluble in common organic solvents and showed high thermal 
stability.   

 The hyperbranched polyimides can be synthesized via using the preparation of polyamic 
acids from A 2  -  and B 3  - type monomers as well. The advantage of this reaction is that it 
can produce the hyperbranched polyimides from commercially available aromatic dian-
hydride  [11,20]  and triamine monomers or trianhydride and diamine monomers  [12,78] . 
Almost all reported hyperbranched polyimides for gas separation applications have been 
synthesized using this reaction  [20 – 26] . However, the obtained polymers had poor 
mechanical properties due to high branching and the absence of chain entanglements  [8] . 
Therefore, isolated soluble hyperbranched polyimides should be treated by poor solvents 
before gelation. By controlling the molar ratio, the addition sequence of each component, 
the monomer concentration and the imidization method it is possible to obtain polymers 
with different terminal functional groups (as amine - terminated and anhydride - terminated 
polymers). For example, the hyperbranched polyimide was prepared from 2,2 - bis
(3,4 - dicarboxyphenyl)hexafl uoropropane dianhydride (6FDA) as the anhydride and 
(4 - aminophenyl)amine (TAPA) as the triamine (Scheme  1.5 )  [11] . The synthesized hyper-
branched polyimide was soluble in organic solvents, had a  M  w  value of 37   000 for amine -
 terminated and 150   000   g   mol  − 1  for anhydride - terminated product. The intrinsic viscosity 
was 0.76   dL   g  − 1  for amine - terminated and was 1.92   dL   g  − 1  for anhydride terminated poly-
mers, respectively, higher than for the polymers synthesized via AB 2  - type monomer.   

 Hyperbranched polymers basically have poor membrane - forming ability due to the 
lack of chain entanglement. Studies on the enhancement of membrane - forming ability for 
hyperbranched polymers suggested to use the crosslink approach at terminal functional 
groups and cross - linkable components  [1,18] . Preparation of the crosslink polymers was 
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reported  [20]  using reagents such as ethylene glycol diglycidyl ether (EGDE) and tereph-
thaldehyde (TPA), or anhydride - terminated and 4,4 - diaminodiphenyl ether (ODA) and 
diphenylsulfone (DDS) have also been reported. 

 Recently, hyperbranched polyimides were obtained by selective orderly reaction only 
at polymer ends using telechelic polyimides with terminal reactive groups of acetylene, 
vinyl and acryl  [29 – 33] . 

 Thus, acetylene - terminated telechelic polyimide was synthesized from 6FDA as the 
anhydride and 4,4 ′  - (9 - fl uorenylidene) dianiline (FDA) as an amine, also using 4 - (2 - 
phenylethynyl)phthalic anhydride (PEPA) as an acetylene - terminated monomer at room 
temperature (Scheme  1.6 )  [29,30] . The obtained telechelic polyimide had  M  w    =   12   000   g   mol  − 1  
and a glass transition temperature of 420    ° C. The reaction using acetylene moiety is cyclot-
rimerization of three acetylene groups in three PEPA groups in the presence of tantalum(V) 
chloride catalyst with subsequent thermal treatment at 250    ° C. The obtained membrane 
was brittle, however, making it diffi cult to measure the gas permeation properties. A free -
 standing membrane was formed from acetylene - terminated telechelic polyimide using a 
fl exible diamine structure, 3,4 - diaminodiphenyl ether (DADE)  [31] .   

 Vinyl -  and acryl - terminated telechelic polyimides were also synthesized. The polymers 
were prepared from 6FDA, 2,3,5,6 - tetramethyl - 1,4 - phenylene diamine (TeMPD), and 
 p  - aminostyrene (PAS) as a vinyl - terminated monomer, or 1,1 - bis(acryloyloxymethyl)
ethyl isocyanate (BEI) as a acryl - terminated monomer (Schemes  1.7  and  1.8 )  [32,33] . 
Both polymers were soluble in common organic solvents and had low  M  n  and viscosity. 
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The reaction in vinyl or acryl - terminated polyimides was preceded by UV irradiation 
under the presence of a photo initiator. Formation of free - standing membranes was 
signifi cantly enhanced by UV irradiation.     

   1.4    Gas Permeation Properties 

 In this section, we shall consider gas permeation properties of fi lms based on cross - linked 
and hyperbranched polyimides. We shall focus on CO 2  capture from the fl ue gases of 
power plants (CO 2 /N 2 ), CO 2  separation from natural gas (CO 2 /CH 4 ), hydrogen purifi cation 
(H 2 /N 2 ) and oxygen and/or nitrogen enrichment of air (O 2 /N 2 )  [28] . We shall consider 
permeability coeffi cients  P  i  and ideal separation factors for gas pairs A and B (  α  (A/B)) 
defi ned as the ratio  P (A)/ P (B). The trade - off relationship has been recognized between 
gas permeability and selectivity in polymeric membranes: highly permeable polymers 
have low selectivity and vice versa. The general trade - off relationship between gas perme-
ability and selectivity has been summarized by Robeson  [79,80] , who suggested an idea 
of the upper bound. Traditionally, an interest of researchers was directed to materials 
whose data points are located at the Robeson diagrams close to or above the upper bound 
lines. 

   1.4.1    Amorphous Cross - linked Polyimides (Type  II ) 

 The gas permeability and selectivity of cross - linked membranes prepared by monoesteri-
fi cation and transesterifi cation reactions between the carboxylic acid in polyimides and 
diol agents are summarized in Table  1.1   [34 – 38, 41, 42] . These gas permeation properties 
are strongly affected by the structures of the diol agent, polyimide composition and the 
annealing temperature after membrane formation. For example, the range of variation of 
 P (CO 2 ) is 10 – 145   Barrer while the selectivity   α  (CO 2 /CH 4 ) is in the range 29 – 87 at 35    ° C. 
The 6FDA - TMPD/DABA (3:2) cross - linked polyimides with 1,3 - propanediol have better 
gas separation performance among the other cross - linked polyimides using monoesteri-
fi cation and transesterifi cation reactions:  P (CO 2 ) of cross - linked 6FDA - TMPD/DABA 
(3:2) is 77   Barrer and   α  (CO 2 /CH 4 ) is 40 at 35    ° C and 4.4 atm  [42] .   

 The decarboxylation - induced cross - linked 6FDA - TMPD:DABA (2:1) polyimide 
reveals enhanced resistance to plasticization by high pressure of CO 2   [43] . This can be a 
result of high annealing temperature which leads to decarboxylation of the pendant acid 
groups. In this process phenyl radicals are formed that are capable of attacking other 
portions of the polyimide macromolecules. The CO 2  permeability of the cross - linked 
membrane prepared by rapid quenching from above the glass transition temperature is 
260 Barrer at 35    ° C and 6.8   atm. 

 The gas permeability and selectivity of cross - linked membranes prepared by the imide 
ring - opening reaction between the imide ring in polyimides and primary diamine agents 
are summarized in Table  1.2   [45 – 56] . As the reaction time increases, the gas permeability 
gradually decreases, whereas the selectivity increases. However, excess cross - linking 
leads to a reduction of both permeability and selectivity. The observed transport param-
eters could be strongly affected by the structures of diamine agent. For example, the 
 P (CO 2 ) is in the range 1.9 – 568   Barrer and the selectivity,   α  (CO 2 /CH 4 ) is in the range 
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  Table 1.1    Gas permeability coeffi cients and selectivity (at 35       ° C) of cross - linked polyimides (Type II) using monoesterifi cation and 
transesterifi cation reaction of free carboxylic acid 

   Polyimide     Cross - linkable     Feed pressure 
(atm)  

    P (O 2 )      P (CO 2 )       α  (O 2 /
N 2 )  

     α  (CO 2 /
N 2 )  

     α  (CO 2 /
CH 4 )  

   Reference  

  6FDA - DABA    linear (Type I)    2    1.01    3.4    8.0    26.9    63.0     [34]   
  Thermal cross - linked    3.74    2.69    10.40    6.7    26.0    87.0     [34]   

  6FDA - mPD    linear (Type I)    3.74    2.60    11.03    6.5    27.6    58.0     [34]   
  6FDA - mPD/

DABA (9:1)  
  linear (Type I)    3.74    1.71    6.53    6.9    26.1    65.3     [34]   
  Ethylene Glycol    3.74    1.81    9.50    6.8    35.2    63.3     [34]   

  6FDA - 6FpDA/
DABA (1:2)  

  linear (Type I)    10     –     29     –      –     45     [35]   
  Ion compound (Al(AcAc) 3 )    10     –     19     –      –      –      [36]   

  6FDA - 6FpDA/
DABA (2:1)  

  linear (Type I)    10     –     29     –      –     45     [37]   
  Ion compound (Al(AcAc) 3 )    10     –     25     –      –     46     [36,37]   
  Ethylene glycol    10    6.0    35     –      –     42     [37]   
  Butylene glycol (140    ° C)    2        42.8    6.2    44.2    47     [38]   

  6FDA - TMPD/
DABA (2:1)  

  Thermal cross - linked (130    ° C)    10     –     133     –      –     29     [41]   
  Thermal cross - linked (220    ° C)    10     –     115     –      –     27     [35,41]   
  Thermal cross - linked (295    ° C)    10     –     110     –      –     30     [41]   
  Ethylene Glycol (140    ° C)    10     –     90     –      –     30     [35]   
  1,4 - cyclohexanedimethanol (140    ° C)    10     –     21     –      –     30     [35]   
  1,4 - cyclohexanedimethanol (220    ° C)    10     –     22     –      –     30     [41]   
  1,4 - cyclohexanedimethanol (295    ° C)    10     –     79     –      –     29     [41]   
  Butylene glycol (140    ° C)    10     –     44     –      –     34     [35,41]   
  Butylene glycol (140    ° C)    2    13.7    51    4.8    17.9    37     [38]   
  Butylene glycol (220    ° C)    10     –     46     –      –     34     [35,41]   
  Butylene glycol (295    ° C)    10     –     138     –      –     30     [35,41]   

  6FDA - TMPD/
DABA (3:2)  

  1,3 - propanediol (220    ° C)    4.4     –     57.5     –      –     37.1     [42]   
  1,3 - propanediol (295    ° C)    4.4     –     77.3     –      –     39.9     [42]   

   1   Barrer   =   10  − 10    cm 3  (STP) cm   cm  − 2    s  − 1    cmHg  − 1 .   
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  Table 1.2    Gas permeability coeffi cients and selectivity (at 35       ° C) of cross - linked polyimides (Type II) using imide ring - opening reaction by 
primary amine agents 

   Polyimide     Cross - linkable     Feed pressure 
(atm)  

    P (O 2 )      P (CO 2 )       α  (O 2 /N 2 )       α  (CO 2 /N 2 )       α  (CO 2 /CH 4 )     Reference  

  Matrimid 5218    linear (Type I)    10    1.7    6.5    6.6    25.2    34     [45]   
   p  - xylenediamine (1 day)    10    1.9    7.4    6.5    25.3    36     [45]   
   p  - xylenediamine (7 day)    10    1.5    5.1    7.0    23.8    33     [45]   
   p  - xylenediamine (14 day)    10    1.4    4.7    7.0    23.5    34     [45]   
   p  - xylenediamine (32 day)    10    0.9    1.9    6.9    14.6    28     [45]   
  linear (Type I)    2     –     5.39     –      –     36     [46]   
  Poly(ethylene oxide) 2000 (1:0.2)    2     –     7.51     –      –     22     [46]   
  Poly(ethylene oxide) 2000 (1:0.5)    2     –     59.16     –      –     18     [46]   
  Poly(ethylene oxide) 2000 (1:1)    2     –     115.18     –      –     17     [46]   
  Poly(ethylene oxide) 600 (1:1)    2     –     1.47     –      –     23     [47]   

  6FDA - TeMPD    linear (Type I)    10    125    456    3.7    13.5     –      [48]   
   p  - xylenediamine (5   min)    10    45.2    136    4.1    12.3     –      [48]   
   p  - xylenediamine (10   min)    10    28.9    91.8    4.4    14.0     –      [48]   
   p  - xylenediamine (15   min)    10    26.5    70.0    4.4    11.6     –      [48]   
   p  - xylenediamine (30   min)    10    13.7    30.3    4.8    10.6     –      [48]   
   p  - xylenediamine (60   min)    10    2.34    2.14    5.9    5.4     –      [48]   

  6FDA - TeMPD    linear (Type I)    10    186    612    3.36    11.0    13.6     [49]   
  1,3 - cyclohexanebis(methylamine)

CHMA (30   min)  
  10    20.2    55.2    4.67    12.7    19.3     [49]   

  CHMA (100    ° C)    10    14.6    37.2    4.85    12.4    19.9     [49]   
  CHMA (150    ° C)    10    17.1    54.5    4.57    14.6    22.7     [49]   
  CHMA (200    ° C)    10    17.4    59.8    4.70    16.2    26.2     [49]   

(continued overleaf)
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   Polyimide     Cross - linkable     Feed pressure 
(atm)  

    P (O 2 )      P (CO 2 )       α  (O 2 /N 2 )       α  (CO 2 /N 2 )       α  (CO 2 /CH 4 )     Reference  

  6FDA - TeMPD    linear (Type I)    10    190    640    3.5    11.8    14     [50]   
  Ethylenediamine (1   min)    10    120    490    4.0    16.3    23     [50]   
  Ethylenediamine (2   min)    10    30    120    4.3    17.2    32     [50]   
  Ethylenediamine (5   min)    10    12    25    6.0    12.5    28     [50]   

  6FDA - TeMPD    linear (Type I)    3.5    186    612    3.4    11.0    13.6     [52]   
  ethylenediamine (1   min 10   wt%)    3.5    108    435    3.8    15.3    21.1     [52]   
  1,3 - propanediamine (1   min 

10   wt%)  
  3.5    26.4    81.1    4.9    15.2    27.8     [52]   

  1,4 - butanediamine (1   min 
10   wt%)  

  3.5    55.5    218    4.2    16.5    24.7     [52]   

  6FDA - TeMPD    linear (Type I)    10    148.3    517    3.46    12.1    15.7     [53]   
  PAMAM (20   min)    10    137.6    568    3.93    16.2    22.8     [53]   
  PAMAM (60   min)    10    115.6    451    4.30    16.8    25.1     [53]   
  PAMAM (24h)    10    44.1    157    5.38    19.1    35.6     [53]   
  PAMAM (7days)    10    7.33    21.6    6.42    18.9    46.8     [53]   

  6FDA - TeMPD    linear (Type I)    3.5    186    612    3.4    11.0    13.6     [54]   
  G1 - DAB - AM (5   min)    3.5    130    435    4.6    15.3    23.0     [54]   
  G1 - DAB - AM (20   min)    3.5    74    220    5.1    15.2    24.4     [54]   
  G1 - DAB - AM (30   min)    3.5    70    177    5.7    14.5    24.5     [54]   
  G1 - DAB - AM (60   min)    3.5    50    98    6.9    13.6    21.7     [54]   

  6FDA - TeMPD    G0 - PAMAM (1 day)    10     –     160     –      –     36     [56]   
  G0 - PAMAM (1 day, 120    ° C)    10     –     70     –      –     37     [56]   
  G0 - PAMAM (1 day, 250    ° C)    10     –     84     –      –     30     [56]   

   1   Barrer   =   10  − 10    cm 3  (STP) cm   cm  − 2    s  − 1    cmHg  − 1 .   

Table 1.2 (continued)
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14 – 47 at 35    ° C. The 6FDA - TeMPD cross - linked by PAMAM dendrimer has higher gas 
permeability among the other cross - linked polyimides using the imide ring - opening 
reaction  [53] :  P (CO 2 )   =   568   Barrer and   α  (CO 2 /CH 4 )   =   22.8 at 35    ° C and 10   atm. PAMAM 
dendrimers have good gas separation performance especially for CO 2 /N 2  because their 
amine groups have excellent affi nity to CO 2   [81] . The reactions using dendrimers were 
studied by several authors  [53 – 56] . The cross - linking modifi cation by PAMAM and 
amine - terminated diaminobutane (DAB - AM) results in a decrease in permeabilities for 
most gases. In the case of the polyimide cross - linked with DAB - AM dendrimer, the 
maximum selectivity increases by about 400, 300 and 265% for the gas pairs of He/N 2 , 
H 2 /N 2  and H 2 /CO 2 , respectively  [54] . The gas permeability decreases in the order of 
G1    >    G2    >    G3, which is consistent with the increasing order of the degree of gel 
contents.   

 The gas permeability and selectivity of cross - linked membranes obtained by UV irra-
diation of polyimides are summarized in Table  1.3   [63 – 69] . The gas permeability decreases 
with the increase in UV irradiation time and is in the range 0.2 – 21   Barrer for O 2  and 
0.6 – 99   Barrer for CO 2  at 35    ° C. The selectivities are 4.3 – 13.8 for   α  (O 2 /N 2 ) and 21.2 – 111.4 
for   α  (CO 2 /CH 4 ).   

 The gas permeation parameters have also been reported for polymers obtained via ether 
reaction of epoxy and diamines  [57,58] , for polymer blends with acetylene - terminated 
oligomer  [73,74]  and internal acetylene polyimide  [72,75] . The gas permeability of cross -
 linked internal acetylene - containing polymer, 6FDA - TeMPD/ p  - intA (4:1) declines from 
612 to 186   Barrer, while the selectivity,   α  (CO 2 /CH 4 ) increases from 14 to 25 at 35    ° C and 
10   atm  [75] . Moreover, this cross - linked 6FDA - TeMPD/ p  - intA (4:1) membrane is still 
stable under CO 2  pressure of about 47   atm.  

   1.4.2    Hyperbranched Polyimides (Type  III ) 

 Almost all hyperbranched polyimides with reported gas permeation parameters were 
synthesized from A 2  -  and B 3  - type monomers. The corresponding transport data are pre-
sented in Table  1.4   [20 – 26] . All the polymers are in a glassy state. The gas permeabilities 
of hyperbranched polyimides vary from 0.02 to 11   Barrer for O 2  and from 0.08 to 
65   Barrer for CO 2  at 20 – 35    ° C. The selectivities vary from 2.0 to 13 for   α  (O 2 /N 2 ) and 
from 3.4 to 70.1 for   α  (CO 2 /N 2 ).   

 6FDA - TAPA hyperbranched polyimides with terephthaldehyde (TPA) form a group 
of the most permeable polymers among those presented in Table  1.4 . For example, the 
 P (CO 2 ) of cross - linked 6FDA - TAPA is 65   Barrer and  P (O 2 )   =   11  [20] . The gas transport 
properties of polymer blend with commercial polyimide, Matrimid 5218 (BTDA -
 AAPTMI) and P84 (BTDA - TDI/MDI), and hyperbranched polyester, Boltorn (H40) have 
also been reported  [25] . Selectivities of Matrimide - H40 (1   wt%) containing membrane 
show both high and low values: thus,   α  (O 2 /N 2 ) varies from 6.8 to 2.0. The permeability 
of the P(N 2 ) of P84 with various concentrations of H40 membrane decreases with the 
increase in the concentrations of H40 in comparison to pure P84, while their selectivity 
generally are almost constant. 

 Figure  1.2  presents the effects of UV irradiation time on gas permeability and selectiv-
ity for acryl - terminated telechelic polyimide, 6FDA - TeMPD - BEI  [33] . It is seen that the 
gas permeability decreases, while the selectivity increases.   
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  Table 1.3    Gas permeability coeffi cients (Barrer) and selectivity of UV cross - linked polyimides (Type II) 

   Polyimide     Temperature 
(    ° C)  

   Feed pressure 
(atm)  

    P (O 2 )      P (CO 2 )       α  (O 2 /N 2 )       α  (CO 2 /N 2 )       α  (CO 2 /CH 4 )     Reference  

  BTDA - TMPD (linear (Type I))    35    10    9.84    38.3    5.5    21.4    26.4     [63]   
  BTDA - TMPD (1   min)    35    10    4.15    17.8    5.5    23.7    33.6     [63]   
  BTDA - TMPD (10   min)    35    10    0.482    1.48    13.8    42.4     –      [63]   
  BTDA - TMPD (30   min)    35    10    0.199    0.618    13.2    40.9    111.4     [63]   
  BTDA/6FDA - TMPD (1:1) 
 (linear (Type I))  

  35    10    12.3    48.3    4.5    17.7    18.0     [63]   

  BTDA/6FDA - TMPD (1:1)
(30   min)  

  35    10    1.74    5.58    9.6    30.8    85.2     [63]   

  BTDA/6FDA - TMPD (1:1)
(60   min)  

  35    10    1.58    4.84    10.5    32.3     –      [63]   

  BTDA/6FDA - TMPD (1:3) 
 (linear (Type I))  

  35    10    18.5    83.2    3.6    16.4    23.4     [63]   

  BTDA/6FDA - TMPD (1:3)
(30   min)  

  35    10    4.57    14.9    5.9    19.3    49.3     [63]   

  BTDA/6FDA - TMPD (1:3)
(60   min)  

  35    10    3.59    13.3    7.0    25.8     –      [63]   

  BTDA - BAPP (linear (Type I))    30    1    0.54    2.8    4.9    25.4     –      [64]   
  BTDA - BAPP (1   min)    30    1    0.45    2.4    7.5    40.0     –      [64]   
  BTDA - BAPP (5   min)    30    1    0.40    1.9    8.5    40.4     –      [64]   
  BTDA - BAPP (10   min)    30    1    0.26    1.9    10.4    76.0     –      [64]   
  ODPA - BAPP (linear (Type I))    30    1    0.49    2.7    7.0    38.6     –      [64]   
  ODPA - BAPP (1   min)    30    1    0.43    2.2    6.1    31.4     –      [64]   
  ODPA - BAPP (5   min)    30    1    0.48    2.4    7.4    36.9     –      [64]   
  ODPA - BAPP (10   min)    30    1    0.37    1.7    7.9    36.2     –      [64]   
  6FDA - TMPD (linear (Type I))    30    1    130    900    3.6    25.0    28.1     [65]   
  6FDA - TMPD (30   min)    30    1    14    59    6.1    25.7    42.1     [65]   
  6FDA - TMPD (BP 0.99   wt% 

15   min)  
  30    1    21    99    5.4    25.4    39.6     [65]   

  6FDA - TMPD (BP 9.09   wt% 
15   min)  

  30    1    5.2    21    4.3    17.5    21.2     [65]   
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   Polyimide     Temperature 

(    ° C)  
   Feed pressure 
(atm)  

    P (O 2 )      P (CO 2 )       α  (O 2 /N 2 )       α  (CO 2 /N 2 )       α  (CO 2 /CH 4 )     Reference  

  BTDA - BAPP (linear (Type I))    30    1    0.45    2.3    7.50    38.3     –      [66]   
  BTDA - BAPP (10   min)    30    1    0.36    1.8    7.83    39.1     –      [66]   
  BTDA - BAPP (20   min)    30    1    0.36    1.8    8.37    41.9     –      [66]   
  BTDA - BAPP (30   min)    30    1    0.24    0.97    10.4    42.2     –      [66]   
  BTDA - BAPP (linear (Type I))    30    1    0.54    2.8    4.90    25.5     –      [66]   
  BTDA - BAPP (quench 10   min)    30    1    0.47    2.4    7.34    37.5     –      [66]   
  BTDA - BAPP (quench 30   min)    30    1    0.34    1.5    8.50    37.5     –      [66]   
  PMDA/BTDA - 3MPDA (9:1)

linear (Type I)  
  30     –     22.3     –     4.3     –      –      [69]   

  PMDA/BTDA - 3MPDA (9:1) 
(2h)  

  30     –     4.35     –     5.7     –      –      [69]   

  PMDA/BTDA - 3MPDA (9:1) 
(6h)  

  30     –     0.67     –     6.7     –      –      [69]   

  PMDA/BTDA - 3MPDA (8:2) 
linear (Type I)  

  30     –     21.4     –     4.3     –      –      [69]   

  PMDA/BTDA - 3MPDA (8:2) 
(2h)  

  30     –     9.10     –     6.3     –      –      [69]   

  PMDA/BTDA - 3MPDA (8:2) 
(10h)  

  30     –     0.21     –     7.2     –      –      [69]   

  PMDA/BTDA - 3MPDA (5:5) 
linear (Type I)  

  30     –     12.1     –     4.9     –      –      [69]   

  PMDA/BTDA - 3MPDA (5:5) 
(2h)  

  30     –     7.40     –     5.6     –      –      [69]   

  PMDA/BTDA - 3MPDA (5:5) 
(6h)  

  30     –     0.40     –     11.0     –      –      [69]   

  PMDA/BTDA - 3MPDA (3:7)
linear (Type I)  

  30     –     9.42     –     4.9     –      –      [69]   

  PMDA/BTDA - 3MPDA (3:7) 
(2h)  

  30     –     1.15     –     11.0     –      –      [69]   

  BTDA - 3MPDA linear 
(Type I)  

  30     –     5.00     –     5.0     –      –      [69]   

  BTDA - 3MPDA (2h)    30     –     0.84     –     11.0     –      –      [69]   
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  Table 1.4    Gas permeability coeffi cients (Barrer) and selectivity of hyperbranched polyimides (Type III) 

   Polymer     Temperature 
(    ° C)  

   Feed pressure 
(atm)  

    P (O 2 )      P (CO 2 )       α  (O 2 /
N 2 )  

     α  (CO 2 /
N 2 )  

     α  (CO 2 /
CH 4 )  

   Reference  

  6FDA - TAPA (AM - T) EDGE 1.4    35    1     –     3.7     –     30.8    46     [20]   
  6FDA - TAPA (AM - T) EDGE 0.34    35    1    1.9    11    5.8    33.3    50     [20]   
  6FDA - TAPA (AM - T) EDGE 0.15    35    1     –     16     –      –     32     [20]   
  6FDA - TAPA (AM - T) TPA 0.25    35    1    11    65    5.1    30.1    41     [20]   
  6FDA - TAPA (AH - T) ODA 0.04    35    1     –     6.7     –     26.8    61     [20]   
  DSDA - TAPA (AH - T) TPA 0.05    35    1     –     4.0     –     43.5     –      [20]   
  DSDA - TAPA (AH - T) DDS 0.03    35    1     –     1.0     –     41.7     –      [20]   
  6FDA - TAPOB    25    1    2.25    12.80    6.2    35.3     –      [21]   
  6FDA - TAPOB (6FMA)    25    1    1.9    9.0    6.3    30.0     –      [22]   
  6FDA - TAPOB (p - 3FMA)    25    1    1.5    7.2    6.5    31.3     –      [22]   
  6FDA - TAPOB    25    1    1.2    5.4    7.5    33.8     –      [22]   
  6FDA - TAPOB (m - 3FMA)    25    1    1.3    6.3    6.8    33.2     –      [22]   
  HQDPA - TFAPOB(amine - terminated)    20    1    0.058    1.55    7.7    3.4     –      [24]   
  HQDPA - TFAPOB(CF3 - terminated)    20    1    0.114    2.72    6.5    3.6     –      [24]   
  Matrimid 5218 (H40 0.0   wt%)    35    3.5    1.02    5.20    6.8    34.7     –      [25]   
  Matrimid 5218 (H40 1.0   wt%)    35    3.5    1.31    5.25    2.0    8.2     –      [25]   
  Matrimid 5218 (H40 5.0   wt%)    35    3.5    0.70    3.29    6.4    29.9     –      [25]   
  Matrimid 5218 (H40 10.0   wt%)    35    3.5    0.61    2.85    6.8    31.7     –      [25]   
  P84 (H40 0.0   wt%)    35    3.5    0.57    1.67    11.4    33.4     –      [25]   
  P84 (H40 1.0   wt%)    35    3.5    0.51    1.20    13    30.0     –      [25]   
  P84 (H40 5.0   wt%)    35    3.5    0.39    1.00    13    33.3     –      [25]   
  P84 (H40 10.0   wt%)    35    3.5    0.37    0.94    12    31.3     –      [25]   
  ODPA/TAP/ODA (AM - T) (1/1/0)    30    1.5    0.024    0.096    12    48.0    48     [26]   
  ODPA/TAP/ODA (AM - T) (1/0.95/0.05)    30    1.5    0.043    0.156    10.8    39.0    52     [26]   
  ODPA/TAP/ODA (AM - T) (1/0.75/0.25)    30    1.5    0.056    0.246    9.3    41.0    62     [26]   
  ODPA/TAP/ODA (AM - T) (1/0.5/0.5)    30    1.5    0.101    0.352    7.8    27.1    50     [26]   
  ODPA/TAP/ODA (AM - T) (1/0.25/0.75)    30    1.5    0.087    0.450    8.7    45.1    75     [26]   
  ODPA/TAP/ODA (AH - T) (2/1/0)    30    1.5     –     0.079     –      –      –      [26]   
  ODPA/TAP/ODA (AH - T) (2/0.95/0.05)    30    1.5    0.024    0.140    8.0    46.7    47     [26]   
  ODPA/TAP/ODA (AH - T) (2/0.75/0.25)    30    1.5    0.054    0.135    10.8    27.0    36     [26]   
  ODPA/TAP/ODA (AH - T) (2/0.5/0.5)    30    1.5    0.065    0.257    9.3    36.7    66     [26]   
  ODPA/TAP/ODA (AH - T) (2/0.25/0.75)    30    1.5    0.071    0.285    8.9    35.6    51     [26]   
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     Figure 1.2     Dependence of  P (CO 2 ) ( • ),  P (CH 4 ) ( � ) and   α  (CO 2 /CH 4 ) ( � ) on irradiation 
time in UV - cross - linked 6FDA - TeMPD - BEI membranes at 35    ° C. Data from Reference  [33]   

 In the same manner the gas permeability in hyperbranched polyimide prepared from 
vinyl - terminated telechelic polyimide, 6FDA - TeMPD - PAS is reduced by UV irradiation 
 [32] . The gas permeabilities of this polymer after 120   min of irradiation are as follows: 
50   Barrer for O 2  and 345   Barrer for CO 2  at 30    ° C and 1   atm. The selectivities are 3.5 for 
  α  (O 2 /N 2 ) and 24 for   α  (CO 2 /CH 4 ).  

   1.4.3    Selectivity and Permeability 

 Figures  1.3 – 1.5  present Robeson diagrams for different gas pairs, in various polyimide 
membranes. The fi rst examination of these plots shows that the data points for Type II 
(cross - linked) and Type III (hyperbranched) structures can be found in the whole  ‘ cloud ’  
of the data points including those of linear structures (Type I). However, the data points 
for some hyperbranched and cross - linked polyimides are located near the upper bound 
for O 2 /N 2  pair as shown in Figure  1.3 . On the other hand, the majority of the hyper-
branched polyimides tend to be located among the common linear polyimides, as well as 
that of cross - linked polyimides in the diagram for CO 2 /N 2  pair relationship as shown in 
Figure  1.4 . Finally, the data points for all three types of the structures are far from upper 
bound for the pair CO 2 /CH 4 , as seen in Figure  1.5 . Apparently, more data are required in 
order to discuss more specifi cally the relationship between gas permeation properties and 
the structure of hyperbranched and cross - linked polymers.     

   1.5    Concluding Remarks 

 Initially, hyperbranched and cross - linked polymers were the subject of investigation in 
the fi eld of polymer science (both polymer chemistry and physics). Gradually, since the 
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early 2000s, hyperbranched and cross - linked polyimides attracted interest as materials for 
gas separation membranes. Bearing in mind the general requirements for  ‘ good ’  gas sepa-
ration materials (high permeability, selectivity, physical stability, processability and low 
cost) they did not demonstrate so far (as the classes of polymer architecture) the desired 
combination of the properties. However, since some promising results have been obtained 
and experience has been accumulated, further investigations in the synthesis, modifi ca-
tions and membrane properties are important: these should show the real potential impact 
of these polymers in membrane science and technology.  
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    2.1    Introduction 

 Membrane technologists are well aware that the most permeable glassy polymers are 
those which possess a very high free volume, where the term  ‘ free volume ’  refers to the 
intermolecular voids within a material  [1] . Scientists who work with molecular sieves, 
such as zeolites, commonly use the term  ‘ microporous material ’  to describe those materi-
als which contain pores or channels less than 2   nm in width, a defi nition that arises in the 
context of gas adsorption studies  [2] . 

 Two questions can thus be asked. 

  1     Can the macromolecular backbone of a polymer be designed to generate a large amount 
of interconnected free volume?  
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  2     If so, does the polymer then behave like a molecular sieve, specifi cally in terms of gas 
adsorption?    

 If the answer to both these questions is  ‘ yes ’ , then the polymer can be said to have  ‘ intrin-
sic microporosity ’   [3,4] ;  ‘ intrinsic ’  because it is a consequence of the molecular structure 
and  ‘ microporosity ’  because we are dealing with  ‘ micropores ’  in the sense defi ned by 
IUPAC  [2] . This chapter introduces a concept for creating just such polymer structures, 
outlines the properties of the archetypal  ‘ polymer of intrinsic microporosity ’ , PIM - 1, and 
describes recent results for PIM - 1 obtained in the course of a European collaborative 
research project  [5] .  

   2.2    The  PIM  Concept 

 Most polymer chains are fl exible, in the sense that they can change conformation by 
rotation about backbone bonds. If suffi cient free volume is available, it is possible for 
large - scale movements of fl exible polymer chains to occur, giving a rubbery or fl uid 
material. In order to trap additional free volume in the glassy state, chain mobility must 
be constrained. This can be done by creating a polymer backbone that cannot easily 
change conformation. The extreme example is a ladder polymer, for which rotation about 
the backbone axis requires a bond to be broken. However, rigid polymer chains, such as 
ladder polymers, tend to pack together effectively and interact strongly, giving dense 
materials that are diffi cult to process. Packing must be disrupted for a high free volume 
polymer to be achieved. One way to do this is to introduce  ‘ sites of contortion ’ , which 
force the backbone to twist and turn erratically. Thus, the two key features of a  ‘ polymer 
of intrinsic microporosity ’  (PIM) are that the backbone incorporates (1) sequences that 
are  ‘ rigid ’  in the sense that rotational movements are highly restricted (e.g. comprising 
fused rings giving a ladder structure) and (2) sites that introduce kinks into the backbone. 
A suitable  ‘ site of contortion ’  is a spiro - centre where a single tetrahedral carbon atom is 
part of two fi ve - membered rings. These features are clearly seen in the polymer referred 
to as PIM - 1, which is most commonly prepared from 5,5 ′ ,6,6 ′  - tetrahydroxy - 3,3,3 ′ ,3 ′  -
 tetramethyl - 1,1 ′  - spirobisindane and 1,4 - dicyanotetrafl uorobenzene (Figure  2.1 )  [6 – 10] . 
The highly effi cient double aromatic nucleophilic substitution reaction gives a planar 
dibenzodioxane linkage, generating a fused ring (ladder) sequence. The spiro - centre 
provides a site of contortion that puts a bend in the polymer backbone. This design concept 
developed out of research originally aimed at producing catalytically active polymer 
networks with high surface area  [11 – 14] .   

 PIM - 1 was fi rst prepared by a lengthy polymerization (72   h) at modest temperature 
(65    ° C) in dimethylformamide (DMF)  [6,7] . Subsequently, a rapid, high temperature 
(155    ° C) procedure has been developed  [15] . The product, which precipitates during the 
polymerization, is a yellow, fl uorescent polymer that is soluble in tetrahydrofuran, 
chloroform, dichloromethane,  o  - dichlorobenzene and acetophenone. It can be cast from 
solution to form free - standing membranes with a fi lm density of about 1.1   g   cm  − 3 . It is a 
glassy polymer with a high degradation temperature (above 350    ° C) by thermogravimetric 
analysis. There is no evidence of a glass transition below the degradation temperature. 
As a membrane, in pervaporation it is selective for organics over water  [7] , and in gas 
separation it exhibits an outstanding combination of permeability and selectivity  [5,16] , 
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as is discussed further below. The rationale for describing it as  ‘ microporous ’  comes from 
gas adsorption studies and this is discussed fi rst.  

   2.3    Gas Adsorption 

 The sorption of nitrogen at liquid nitrogen temperature (77   K) has long been used 
to characterize porous materials  [17] . Figure  2.2  compares the low temperature N 2  
adsorption/desorption behaviour of PIM - 1 with that of a typical activated carbon  [18]  
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     Figure 2.1     (a) Preparation of PIM - 1. (b) Molecular model of a fragment of PIM - 1 
showing the contorted structure  
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     Figure 2.2     Nitrogen adsorption (fi lled symbols) and desorption (open symbols) isotherms 
at 77   K for PIM - 1 ( • ,  � ) and for Darco 20 - 40 mesh activated carbon ( � ,  � )  
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(Darco 20 – 40 mesh). The data were obtained using a Micromeritics ASAP 2020 instru-
ment. The amount of gas adsorbed is plotted against equilibrium relative pressure ( p / p  0 ), 
where  p  0  is the saturation pressure of the gas at the temperature of measurement, in this 
case atmospheric pressure. For both materials, high uptake is seen at very low relative 
pressure. It is the very smallest pores (micropores, dimensions  < 2   nm) that fi ll fi rst, 
because multi - wall interactions give rise to strong adsorption. For the carbon, there is 
further adsorption associated with a hysteresis (the desorption curve lies above the adsorp-
tion curve) that closes at a relative pressure above 0.4. This is typical of a material 
that includes mesopores (dimensions 2 – 50   nm), which fi ll by a capillary condensation 
mechanism. PIM - 1 also shows hysteresis, but it differs in that the hysteresis extends 
down to low relative pressures. This cannot be explained by mesoporosity, but it may be 
attributed to swelling of the material on adsorption, or possibly to the tortuosity of the 
micropores. Thus the carbon sample has both micropores and mesopores, whilst PIM - 1 
is essentially microporous. Superimposed on the  ‘ microporous material ’  behaviour, 
however, is polymer behaviour, since rearrangement of polymer chains and swelling can 
occur, despite large - scale changes of polymer conformation being forbidden.   

 Brunauer, Emmet, Teller (BET) analysis of adsorption isotherms allows a surface area 
to be calculated  [17,19] . The BET model is for multilayer adsorption on a fl at surface, so 
when applied to a porous material the surface area obtained is an apparent value. 
Nevertheless, BET surface area provides a useful comparison between materials. PIM - 1 
shows a higher BET surface area than the activated carbon in Figure  2.2 , a value of 
780   m 2    g  – 1  for PIM - 1 as compared to 545 m 2  g  – 1  for the carbon. 

 Since the smallest pores are fi lled fi rst, the very low pressure region of the adsorption 
isotherm contains information about micropores. A method for determining the distribu-
tion of micropore size was developed by Horvath and Kawazoe  [17,20] . The method 
assumes that all pores of a certain size will be fi lled at a particular relative pressure. The 
original Horvath – Kawazoe equation assumed the pores to be slit - shaped, but models for 
alternative pore geometries, such as cylinders  [21] , have been developed. A pore size 
distribution for PIM - 1, calculated by the Horvath – Kawazoe method, can be seen in Figure 
 2.3 . When interpreting data such as these, one should be aware of anomalies that arise 
because one is operating near the limits of the technique. The micropore distribution 
extends down to below the size corresponding to the lowest pressure that can be achieved 
experimentally. The data in Figure  2.3  are for a sample that was thoroughly outgassed 
at elevated temperature prior to measurement at liquid nitrogen temperature. The fi rst 
few data points are therefore infl ated by a contribution from smaller pores, giving an 
artifi cially sharp peak in the early part of the distribution. Despite this distortion of the 
distribution, low temperature N 2  adsorption data support the concept that PIM - 1 behaves 
like a molecular sieve, with pore sizes in the micropore ( < 2   nm) region.   

 The Horvath – Kawazoe method can also be applied to adsorption of carbon dioxide at 
273   K. This gives information about smaller micropores than does nitrogen adsorption. 
A partial micropore distribution for PIM - 1 from CO 2  adsorption is compared with the 
result from N 2  adsorption in Figure  2.3 . Extension of the distribution to higher pore widths 
requires higher pressures than were possible on the instrument used to obtain these data. 
The apparent distribution from CO 2  adsorption may be affected by the presence of specifi c 
adsorption sites. Nevertheless, the data support the idea that the material is essentially 
microporous. 
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 Computer simulation may be used to visualize the microporosity of PIM - 1. A pore size 
distribution derived by Heuchel  et al.   [22]  from atomistic modelling of packed PIM - 1 is 
included in Figure  2.3 . This distribution was obtained using an approach that subdivides 
very elongated regions of free volume into smaller elements. The simulation, like the 
experimental gas adsorption results, indicates PIM - 1 to contain pores or spaces with 
widths in the nanometre and sub - nanometre range, i.e. microporosity as defi ned by 
IUPAC. A simulated N 2  adsorption isotherm may be obtained from the computer model. 
Since the model is a purely static system, the predicted isotherm is what would be 
expected for a rigid microporous material, reaching a plateau at low relative pressure  [22] . 
An apparent surface area of 435   m 2    g  – 1  may be calculated, lower than the experimental 
value of about 750   m 2    g  – 1 . The additional adsorption and hysteresis observed experimen-
tally may be attributed to the effects of polymer dynamics. 

 Further information about the sizes of free volume elements or micropores can be 
obtained from inverse gas chromatography and positron annihilation lifetime spectros-
copy (PALS), as is discussed later.  

   2.4    Gas Permeation 

 It is well known that the gas permeation properties of glassy polymers tend to show 
 ‘ trade - off ’  behaviour, with highly selective polymers exhibiting low permeability and vice 
versa. This is commonly represented in terms of a double logarithmic Robeson  [23,24]  
plot of selectivity against permeability. Initial gas permeability measurements on PIM - 1 
membranes demonstrated that the polymer exhibits a high permeability (e.g. CO 2  perme-
ability  P (CO 2 )   =   2300   Barrer)  [16] , exceeded only by ultra - high free volume polymers 
such as poly(1 - trimethylsilyl - 1 - propyne) (PTMSP)  [25,26] . Of particular interest, however, 
is that this relatively high permeability is accompanied by a selectivity above Robeson ’ s 
1991 upper bound  [23]  for a number of important gas pairs, including O 2 /N 2  and CO 2 /
CH 4 . PIM - 1 helps to defi ne the recently revised upper bounds  [24]  for these gas pairs. 
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     Figure 2.3     Apparent distributions of pore size for PIM - 1 derived from N 2  adsorption at 
77   K ( • ), CO 2  adsorption at 273   K ( × ) and from atomistic computer simulation  [22]  (bars)  
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 Subsequent work has shown that even higher gas permeabilities can be achieved for 
PIM - 1, depending on the history of the sample, with little loss of selectivity  [5,27] . 
Comparative gas permeation experiments have been carried out using two different tech-
niques in two different laboratories, using the same batch of PIM - 1  [5] . In Germany, at the 
GKSS Research Centre Geesthacht GmbH (GKSS), a pressure increase time - lag method 
was used, operating with typical feed pressures of 200 – 300 mbar. This enabled calculation 
of diffusion coeffi cient,  D , as well as permeability coeffi cient,  P . In Moscow, at the A. V. 
Topchiev Institute of Petrochemical Synthesis of the Russian Academy of Sciences (TIPS), 
a gas chromatographic (GC) method was used. Pure penetrant gas at a pressure of 1   atm 
was passed through the upstream part of a permeation cell, while a carrier gas (He or Ar) 
was passed through the downstream part. GC was used to analyse the permeate and the 
fl ow of permeate was measured with a soap bubble fl owmeter. In order to check that 
the two methods of measuring permeability gave comparable results, despite differences 
in the boundary conditions, a standard polymer, poly(vinyltrimethylsilane), was studied in 
both laboratories. Good agreement was obtained, as can be seen in Table  2.1 .   

 A study was undertaken of the effects of membrane preparation protocol on the perme-
ability of PIM - 1. Membranes were cast from solutions of the polymer in tetrahydrofuran 
(THF) or chloroform onto a cellophane, glass or Tefl on surface. Three  ‘ states ’  of PIM - 1 
were identifi ed. 

  1      ‘ Water - treated ’  PIM - 1, for which a fl ow of water was used to assist removal of the 
membrane from the surface onto which it was cast.  

  2     PIM - 1 for which no water was used in membrane preparation, or else that was exhaus-
tively dried at elevated temperature under vacuum.  

  3      ‘ Methanol - treated ’  PIM - 1, that was soaked in methanol for at least a day, to fl ush out 
any residual casting solvent and allow relaxation of chains in the swollen state, then 
dried under vacuum to constant weight.    

 Representative permeability data from both methods of measurement are given in Table 
 2.2  for PIM - 1 in each of these three states. It can be seen that contact with water 
dur ing membrane preparation can lead to a signifi cant reduction in permeability. This is 
caused by trapped water inside the micropores and is hard to remove by vacuum and 
elevated temperature. Methanol treatment, however, substantially enhances the permea-
bility. Indeed, methanol - treated PIM - 1 is amongst the most permeable known polymers. 
Furthermore, the selectivities for some important gas pairs are signifi cantly higher than 

  Table 2.1    Permeability coeffi cients for poly(vinyltrimethylsilane) determined by the 
pressure increase method (GKSS, measurements made by Sergey Shishatskiy) and by the 
gas chromatographic method (TIPS) 

     Gas      P  / Barrer  

   GKSS     TIPS  

  H 2     215    220  
  He    178    160  
  O 2     45    44  
  N 2     11    11  
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  Table 2.2    Permeability coeffi cients at 30    ° C for PIM - 1 in various states (1   =   water - treated; 
2   =   water - free; 3   =   methanol - treated) determined by the pressure increase method (GKSS) 
and by the gas chromatographic method (TIPS) 

   State      P (CO 2 ) / Barrer      P (O 2 ) / Barrer      P (N 2 ) / Barrer  

   GKSS     TIPS     GKSS     TIPS     GKSS     TIPS  

  1    950    1540    128    157    51    49  
  2    3700    4350    530    590    155    190  
  3    11   200    12   600  *      1530    1610  *      610    500  *    

    *    Temperature   =   23    ° C.   

achieved for other polymers in the permeability range, as can be seen in the Robeson 
plots of Figure  2.4 .     

 Many high permeability polymers exhibit a reduction in permeability over time (ageing) 
 [28] . This effect was investigated for a methanol - treated (state 3) PIM - 1 membrane. The 
sample was kept at ambient temperature in air and permeabilities measured at intervals 
by the gas chromatographic method. Results are shown in Figure  2.5 . A reduction in 
permeability is seen, although changes are small after the fi rst few days of measurement. 
Over 45 days of observation,  P (O 2 ) decreased by about 23%, with an accompanying 
increase in permselectivity  P (O 2 )/ P (N 2 ) from 3.3 to 4.2. The effects of ageing are less 
marked than have been observed for other high free volume polymers. For example, 
uncross - linked poly(4 - methyl - 2 - pentyne) showed a decrease in N 2  permeability from 
about 1000   Barrer to 650   Barrer within 45 days  [29] .   

 The temperature dependence of the permeability of PIM - 1 membranes was investigated 
in order to evaluate activation energies of permeation,  E  p , for various gases. Values of  E  p  
derived from pressure increase (barometric) and gas chromatographic methods for a 
water - free (state 2) PIM - 1 membrane are given in Table  2.3 . The activation energies are 
small, and for CO 2  are actually slightly negative.   

 The pressure increase time - lag method employed at GKSS enabled diffusion coeffi -
cient,  D , as well as permeability coeffi cient,  P , to be evaluated. Solubility coeffi cient,  S , 
could then be calculated assuming a simple solution - diffusion model of permeability, 
 P    =    SD . Values of  D  and  S  for PIM - 1 membranes in various states are given in Table 
 2.4 . The  D  values are smaller than obtained for other high permeability polymers, whereas 
 S  values are signifi cantly higher (e.g. for PTMSP  D (CO 2 ) has been reported as 250    ×    10  – 7    
cm 2    s  – 1  and  S (CO 2 ) as 76    ×    10  – 3    cm 3 [STP]   cm  – 3    cmHg  – 1 )  [30] . It is the high  S  values that 
give PIM - 1 its remarkable combination of high permeability and good selectivity. The 
unusually high  S  values may be attributed to the microporous structure of PIM  - 1, coupled 
with the presence of polar nitrile ( – C ≡ N) groups. To obtain further information about 
solubility coeffi cients and deeper insight of sorption thermodynamics in this polymer 
inverse gas chromatography was used.    

   2.5    Inverse Gas Chromatography 

 For inverse gas chromatography (IGC), the polymer of interest acts as the stationary 
phase and the retention time is measured for a range of solutes in a carrier gas. Solutes 
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     Figure 2.4     Double logarithmic plots of selectivity against permeability for the gas pairs 
(a) O 2 /N 2 , (b) CO 2 /CH 4  and (c) CO 2 /N 2 , showing the 1991 Robeson upper bound (solid 
line),  [23]  the 2008 Robeson upper bound (dashed line),  [24] ; literature data  [16]  for 
various polymers measured since 1991 ( � ), and measurements for PIM - 1 in state 1 ( × ), 
state 2 ( � ) and state 3 ( • )  
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     Figure 2.5     Dependence of oxygen permeability ( � ) and nitrogen permeability ( � ) on 
time for PIM - 1 membrane (state 3, methanol - treated) kept at ambient temperature in air  

  Table 2.3    Activation energies of permeation,  E  p , for water - free (state 2) PIM - 1 
membranes, determined by the pressure increase method (GKSS) and by the gas 
chromatographic method (TIPS) 

   Gas      E  p /(kJ   mol  − 1 )  

   GKSS     TIPS  

  CO 2      − 4.5     − 1.5  
  H 2     3.2    3.6  
  He    5.4    5.0  
  O 2     3.3    1.1  
  CH 4     10.9    10.9  
  N 2     10.5    7.5  

  Table 2.4    Values of diffusion coeffi cient,  D , and solubility coeffi cient,  S , at 30    ° C for 
PIM - 1 in various states (1   =   water - treated; 2   =   water - free; 3   =   methanol - treated) 

   Gas      D /(10  − 7    cm 2    s  − 1 )      S /(10  − 3    cm 3 [STP]   cm  − 3    cmHg  − 1 )  

   State 1     State 2     State 3     State 1     State 2     State 3  

  CO 2     3.5    4.5    16    270    770    700  
  H 2     100    290    500    2.7    6.9    6.6  
  He    190    360    680    0.82    2.6    1.9  
  O 2     9.3    15    39    14    40    39  
  CH 4      –     1.3    7.1     –     160    163  
  N 2     5.7    4.3    16    9.1    35    37  

investigated in this work included  n  - alkanes (C 3  – C 10 ),  n  - alcohols (C 1  – C 4 ), acetone, chlo-
roform, tetrachloromethane, tetrahydrofuran, cyclohexane, benzene, perfl uorobenzene, 
toluene, perfl uorotoluene, 4 - fl uorotoluene and 2,3,4,5,6 - pentafl uorotoluene. PIM - 1 was 
coated from solution in THF onto a large pore, low surface area support (Inerton AW), 
which was packed into a stainless steel column (internal diameter   =   3   mm; length   =   1.5   m). 
The proportion of polymer in the dry packing material was determined by back - extracting 
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in a Soxhlet apparatus and found to be 8.3% by mass. Experiments were carried out using 
a LKhM - 8MD chromatograph with thermal conductivity detector, over the temperature 
range 45 – 250    ° C. Helium was used as the carrier gas. The retention time for an air peak 
was used to correct for the dead volume of the chromatograph. Knowing the fl ux of carrier 
gas, the pressure drop in the column and the mass of polymer in the column, a specifi c 
retention volume for each solute was calculated, from which the infi nite dilution solubility 
coeffi cient,  S , was determined. The temperature dependence of  S  allowed the enthalpy of 
sorption,   Δ H  s  to be determined, and hence the partial molar enthalpy of mixing, 
  Δ H  m    =     Δ H  s     –      Δ H  c , where   Δ H  c  is the enthalpy of condensation of the solute  [5] . 

 It has been found, for a wide range of solutes in glassy and rubbery polymers, that  S  
varies with  T  c  2 , where  T  c  is the critical temperature of the solute  [31] . This correlation 
was found to apply for PIM - 1, as can be seen in Figure  2.6 , which includes  S  values from 
IGC and  S  values derived from gas permeation experiments. Figure  2.6  also includes data 
for the previous  ‘ champion ’  amongst membrane polymers, PTMSP  [32] , and the results 
show that PIM - 1 exhibits the largest solubility coeffi cients of all polymers studied in this 
way. This confi rms the exceptional affi nity that PIM - 1 has for small molecules.   

 Enthalpies of sorption and partial molar enthalpies and entropies of mixing for PIM - 1 
with a selection of solutes are listed in Table  2.5 . Values of   Δ H  s  are more strongly nega-
tive than is generally observed for other glassy polymers, refl ecting strongly negative   Δ H  m  
values (exothermic mixing). Values of   Δ S  m  are also large and negative, showing that for 
the solute in the polymer there is considerable restriction in the degrees of freedom. The 
mixing process is thus entropically unfavourable, but driven by a large enthalpy term.   

 The size of free volume elements in a glassy polymer can be estimated from the depend-
ence of   Δ H  m  on solute size  [31] . A plot of   Δ H  m  against  V  c , where  V  c  is the critical volume 
of the solute, generally passes through a minimum at a value of  V  c  that corresponds to a 
mean size of free volume elements. The data for  n  - alkanes in Table  2.5  show increasingly 
negative values of   Δ H  m  up to decane. Unfortunately, temperature limitations meant that 
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     Figure 2.6     Dependence of solubility coeffi cient at 35    ° C on  T  c  2 , where  T  c  is the critical 
temperature of the solute, for PIM - 1 ( • ) and PTMSP  [32]  ( � )  
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 n  - alkanes larger than decane could not be studied, so a clear minimum is not observed 
for PIM - 1. However, this suggests a minimum at a value of  V  c     ≥    600   cm 3    mol  – 1 , which 
translates into a sphere of radius  ≥ 0.6   nm, or an equivalent pore width in the region of 
1.2   nm. This supports the evidence from adsorption analysis and computer simulation, 
discussed earlier, that PIM - 1 contains cavities of dimensions in the micropore region, as 
defi ned by IUPAC. Yet further evidence of this comes from PALS, as discussed below.  

   2.6    Positron Annihilation Lifetime Spectroscopy 

 Reaction of a positron with an electron gives a metastable positronium (Ps) particle, which 
may have antiparallel spins ( para  - positronium,  p  - Ps) or parallel spins ( ortho  - positronium, 
 o  - Ps). Within a polymer, the longer lifetimes of  o  - Ps may be related to the size, concen-
tration and distribution of free volume elements. There have been a number of studies of 
PIM - 1 by positron annihilation lifetime spectroscopy (PALS)  [33 – 36] . 

 This work investigated PIM - 1 membranes in the three  ‘ states ’  discussed above. Nickel -
 foil supported  22 NaCl was used as a positron source and stacks of fi lm samples, each 
about 1   mm thick, were placed either side of the source. Annihilation lifetime decay 
curves were measured with an EG & G Ortec  ‘ fast - fast ’  lifetime spectrometer. Measurements 
were made both in air and under an inert atmosphere (N 2 ). However,  o  - Ps lifetimes in air 
were reduced due to quenching by oxygen, so only results obtained under N 2  are discussed 
here. Results were analysed in terms of a four component lifetime distribution, which 
allowed obtaining better statistical fi t. The two longest lifetimes,   τ   3  and   τ   4 , for PIM - 1 in 

  Table 2.5    Enthalpy of sorption,   Δ   H  s , partial molar enthalpy of mixing,   Δ   H  m , and partial 
molar entropy of mixing,   Δ   S  m , determined by IGC for a selection of solutes in PIM - 1 

   Solute       Δ H  s /(kJ   mol ( − 1 )       Δ H  m /(kJ   mol  − 1 )       Δ S  m /(J K  − 1    mol  − 1 )  

  propane     − 43     − 24     − 56  
   n  - butane     − 51     − 21     − 51  
   n  - pentane     − 61     − 26     − 58  
   n  - hexane     − 64     − 28     − 61  
   n  - heptane     − 69     − 30     − 62  
   n  - octane     − 80     − 38     − 77  
   n  - nonane     − 87     − 40     − 77  
   n  - decane     − 88     − 40     − 72  
  methanol     − 43     − 7     − 32  
  ethanol     − 51     − 16     − 44  
   n  - propanol     − 59     − 21     − 54  
   n  - butanol     − 64     − 24     − 56  
  acetone     − 58     − 27     − 60  
  chloroform     − 60     − 25     − 50  
  tetrachloromethane     − 60     − 26     − 50  
  tetrahydrofuran     − 60     − 27     − 56  
  benzene     − 57     − 25     − 48  
  toluene     − 71     − 33     − 66  
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  Table 2.6    Long  o  - Ps lifetimes,   τ   3  and   τ   4 , and corresponding radii of free volume elements, 
 R  3  and  R  4 , for PIM - 1 in various states (1   =   water - treated; 2   =   water - free; 3   =   methanol -
 treated) under a nitrogen atmosphere 

   State       τ   3 /ns       τ   4 /ns      R  3 /nm      R  4 /nm  

  1    1.4    5.6    0.22    0.51  
  2    2.1    5.8    0.30    0.52  
  3    1.8    7.1    0.27    0.58  

each state are listed in Table  2.6 , along with the corresponding radii of free volume 
elements, calculated according to the Tao - Eldrup model  [37,38] . It can be seen that the 
longest lifetime suggests free volume elements with a radius of about 0.5   nm, or equiva-
lent pore widths in the vicinity of 1   nm. This once again confi rms the  ‘ microporosity ’  of 
PIM - 1. Furthermore, there is arguably a detectable increase in  R  4  in going from the lower 
permeability  ‘ water - treated ’  state 1 to the high permeability  ‘ methanol - treated ’  state 3.    

   2.7    Conclusions 

 A variety of techniques, including gas adsorption, computer simulation, inverse gas chro-
matography and positron annihilation lifetime spectroscopy, all support the assertion that 
PIM - 1 behaves like a molecular sieve, with effective pores of dimensions  < 2   nm (i.e. 
micropores as defi ned by IUPAC). This, combined with its chemical structure, which 
includes both aromatic rings and highly polar nitrile groups, gives rise to extraordinarily 
high solubility coeffi cients for a wide range of gases and vapours, which in turn results 
in membranes with an exceptional combination of permeability and permselectivity for 
a number of important gas separations. Strongly interacting solutes can profoundly affect 
transport properties, so that water - treated membranes have reduced permeability but a 
methanol treatment can substantially enhance permeability.  
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    3.1    Introduction 

 Norbornene and its numerous derivatives are an unusual case in polymer and membrane 
science: by selecting different catalysts for the polymerization process, materials with 
entirely different structures can be prepared. The norbornene bicyclic molecule is strongly 
strained, so ring opening metathesis polymerization (ROMP) is signifi cantly favoured by 
thermodynamic factors. Because of this, numerous cyclolinear structures of ROMP poly-
mers were prepared in the presence of the catalysts such as WCl 6 , RuCl 3 , Re 2 O 7 /Al 2 O 3  or 
Grubbs Ru complexes and characterized during the last decades  [1 – 6] . These polymers 
include as side groups the following substituents: SiMe 3 , CN, Et, Bu, Cl, F, CF 3 , OC 3 F 7 , 
etc., have modest permeability ( P (O 2 )   =   2 – 100   Barrer) and behave like conventional glassy 
polymers. 

 Meanwhile, norbornene being a bicyclic olefi n can be polymerized also via an addition 
scheme with opening of the double bonds. This reaction proceeds in the presence of 
Ni or Pd catalysts and results in polymers with entirely different structures and, hence, 
different properties (Scheme  3.1 ).   
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 Several authors reported the transport properties of the addition - type polynorbornenes 
bearing such alkyl substituents as CH 3 , n - C 4 H 9 , n - C 10 H 21   [7 – 10] . These polymers are 
distinguished by very rigid structure ( T  g  at about 300    ° C or higher) and permeability coef-
fi cients  P (O 2 ) in the range 20 – 90   Barrer, so not a big difference is observed in comparison 
with ROMP polynorbornenes studied. However, much higher permeability was reported 
for the product of addition - type polymerization of trimethylsilylnorbornene  [11,12]  
(Structure  3.1 ). 

 This amorphous glassy polymer has the permeability coeffi cients  P (O 2 ) in the range 
800 – 1000   Barrer (for different samples)  [12,13] . Such behaviour is in line with well -
 documented effects of the introduction of bulky Si(CH 3 ) 3  group into various main chains; 
however, the effect here, bearing in mind very rigid structure of the backbone chain, is 
much larger (Table  3.1 ).     

 In this article we shall give a survey of the transport parameters, thermodynamic prop-
erties and free volume of addition - type poly(trimethylsilylnorbornene) (PTMSN).  

metathesis
polymerization n

n

naddition
polymerization

     Scheme 3.1       

SiMe3

n

     Structure 3.1       

  Table 3.1    Effects of introduction of Si(CH 3 ) 3  groups in various main chains 

   Polymer type  a        P (O 2 ), Barrer     Ref.  

  PS    2.9     [14]   
  SiMe 3  - PS    56     [15]   
  PNB (ROMP)    2.6     [16]   
  SiMe 3  - PNB (ROMP)    20.9     [17]   
  APN    6.9     [12]   
  SiMe 3  - APN    840     [12]   

    a    PS, polystyrene; SiMe 3  - PS, poly( p  - trimethylsilylstyrene); PNB, polynorbornene; SiMe 3  - PNB: ROMP 
poly(trimethylsilylnorbornene); APN addition - type polynorbornene, SiMe 3  - PNB addition - type poly
(trimethylsilylnorbornene) .  
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   3.2    Experimental 

 Synthesis of PTMSN is described in detail elsewhere  [12] . The monomer was prepared 
from dicyclopentadiene and vinyltrimethylsilane by a Diels – Alder reaction. Polymerization 
was performed in toluene solution in the presence of nickel naphthenate [(Nph) 2 Ni] as a 
catalyst and methylalumoxane (MAO) as co - catalyst. A vast surplus of MAO resulted in 
higher molecular mass of the polymer (up to 440   000   Da) which led to better fi lm - forming 
properties and less brittleness of the fi lms. The fi lms of the polymers studied were cast 
from the 2 – 3 mass % solution in toluene (or cyclohexane in the case of non - substituted 
addition - type polynorbornene studied for comparison). Before testing, the fi lms were kept 
in a vacuum until a constant weight is attained (for about 1 week). The thickness of the 
fi lms was in the range 100 – 200    μ m. Two methods were used in the determination of the 
transport parameters. Permeability ( P ) and diffusion ( D ) coeffi cients were determined 
using gas chromatographic and mass spectrometric methods. In the former technique the 
steady - state stream of penetrant gases under atmospheric pressure fl ew around the 
upstream part of the fi lm, while the downstream part of it was moved around by the gas 
carrier  –  helium or nitrogen (the latter was used in the measurement of permeation rate 
of H 2  and He). The permeability coeffi cients were determined by measuring the penetrant 
concentration in the gas carrier and the total fl ow of this mixture. The determination of 
the diffusion coeffi cients  D  involved an adjustment of the experimental sigmoid - type 
curve of the attaining of the steady - state stream across the tested fi lm and the theoretical 
one computed for the case of Fickian diffusion  [18] . Measurements were performed in 
the range 20 – 60    ° C. In the mass spectrometric set - up the permeability is measured by the 
slope of the increase in a certain ion current in the mass spectrum of the diffusing gas 
molecule after attaining steady - state conditions. The diffusion coeffi cient was determined 
using the Daynes – Barrer method. The measurements were carried out at 22    ° C and pres-
sure 0.1 – 1   atm over the fi lm and about 10  – 4    mmHg below the fi lm, i.e. in the receiving 
volume of the mass spectrometer. The details of the investigation of PTMSN using the 
positron annihilation lifetime spectroscopy (PALS) and inverse gas chromatography 
(IGC) can be found in Refs. 12 and 13.  

   3.3    Results and Discussion 

   3.3.1    Physical Properties 

 Some physical properties of PTMSN are presented in Table  3.2 . This is an amorphous 
glassy polymer with very high  T  g . Its glass transition is very close to the decomposition 
temperature and can be discerned only by accurate analysis of the TGA curves. Its 
mechanical properties are rather modest, though suffi cient for preparation of stable fi lms 
if the molecular mass of the sample is 400   000   Da or higher.   

 The density of PTMSN is relatively small, which results in a high value of the fractional 
free volume (FFV) according to Bondi, as will be discussed in more detail later.  

   3.3.2    Gas Permeability 

 A feature of PTMSN is a relatively high gas permeability coeffi cient  P , higher than those 
of other addition - type polynorbornenes and comparable with permeability coeffi cients of 
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  Table 3.2    Physical properties of  PTMSN  

   Parameter     Method     Value  

  Crystallinity    WAXD (Rigaku)    None  
  Density   ρ  , g/cm 3     Geometric density    0.883    ±    0.001  
  FFV, %    Bondy method    27.5  
   T  g ,  ° C    TMA - 7 (Perkin - Elmer)    293 – 303  
   T  dec ,  ° C (5%)    TGA - 7 (Perkin - Elmer)      
  In air        330  
  In Ar        420  
  Strain strength, MPa    INSTRON - 2111    16.1  
  Elongation at break, %    INSTRON - 2111    4.1  

  Table 3.3    Permeability coeffi cients (P, Barrer) of  PTMSN  and other addition - type 
polynorbornenes (Ni catalysts were used) 

   Side group R     He     H 2      O 2      N 2      CO 2      CH 4      Ref.  

  Si(CH 3 ) 3     840    1800    980    390    4480    990    This work  
  H    29.4    42    6.9    1.5    34    2.6    This work  
  CH 3     88.8     –      –     4.3    81.1    5.6     [9]   
  CH 3  *     174     –      –     12.6    202.1    16.9     [9]   

    * Pd catalyst was used.   

  Table 3.4    Separation factors   α  (M 1 /M 2 )   =    P (M 1 )/ P (M 2 ) for some gas pairs 

   M 1 /M 2      PTMSN     PTMSP  [20]      AF2400  [21]   

  O 2 /N 2     2.6    1.7    2.0  
  H 2 /N 2     5.7    2.9    4.3  
  CO 2 /N 2     14.6    10.5    4.7  
  CO 2 /CH 4     5.5    4.4    6.0  

   PTMP, poly(trimethylsilylpropyne); AF2400, random copolymer of 87 mol% 2.2bis(trifl uoromethyl) - 4,5 - difl uoro - 
1,3 - dioxole and 13 mol% tetrafl uoroethylene.   

polyacetylenes and amorphous Tefl ons AF  [19] , that is, it is a new member of the family 
of high permeability, high free volume glassy polymers. By the  P  values it is similar to 
the  ‘ polymer of intrinsic microporosity ’ , PIM - 1 (see Chapter  2  by P. M. Budd  et al.  in 
this book). Table  3.3  presents a survey of permeability coeffi cients of PTMSN, where 
they are compared with those of other addition - type norbornene polymers.   

 The high permeability of PTMSN is due to the two design peculiarities: the bulkiness 
of the Si(CH 3 ) 3  group and the rigid character of the main chain (see Tables  3.1  and  3.3 ). 
It can also be concluded that PTMSN is much more permeable that its isomer, ROMP 
polymer containing Si(CH 3 ) 3  group  [17] . It can be noted that these differences are much 
less marked for non - substituted polynorbornenes of addition and ROMP types. 

 Permselectivity or separation factors   α  (M 1 /M 2 )   =    P (M 1 )/ P (M 2 ) are compared in Table 
 3.4  for PTMSN and some other high permeability polymers. It is seen that this polymer 
is more permselective than PTMSP and AF2400 in the most cases. However, the observed 
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  Table 3.5    Permeability coeffi cients  P  (Barrer) of high free volume polymers with respect 
to hydrocarbons (at 1   atm) 

   Polymer     CH 4      C 2 H 6      C 3 H 8      C 4 H 10      Ref.  

  PTMSN    790    1430    1740    1   7500    This work  
  PTMSP    15   000    31   000    38   000     –      [22]   
  PMP    2900    3700    7300    26   000     [23]   
  AF2400    435    252    97     –      [20]   

   PMP, poly(methylpentyne).   

separation factors of PTMSN are not high, hence common  ‘ trade - off ’  behaviour takes 
place in this case.   

 Possibly, one of the most interesting peculiarities of PTMSN is the variation of the  P  
values along the n - alkane series in this polymer. It is well known that conventional glassy 
polymers reveal size sieving (or mobility) selectivity as a function of molecular mass of 
penetrant: permeability coeffi cients correlate with the diffusion coeffi cients in such poly-
mers. Opposite behaviour is typical for rubbery polymers, where the  P  values correlate 
with the solubility coeffi cients ( S ): solubility controlled permeation. However, some high 
free volume glassy materials, fi rst and foremost PTMSP, show solubility controlled selec-
tivity  [19] , so the separation factors reveal higher permeation rates of heavier components, 
e.g. R(C 4 H 10 /CH 4 )    <    1. 

 In this regard, PTMSN behaves like PTMSP and some other highly permeable poly-
acetylenes, as Table  3.5  indicates.   

 It is seen that the trend observed for PTMSN is similar to that typical for polyacety-
lenes, while perfl uorinated material AF2400 having more or less the same permeability 
for light gases as PTMSN shows diffusivity controlled permeation; a decrease in  P  values 
with the size of the penetrant. However, bearing in mind the relatively high experimental 
pressure of 1   atm, which in the case of n - butane permeation corresponds to activity 
 p / p  s    =   0.4 ( p  s  is the saturated vapour pressure of n - butane at 22    ° C), the observed high 
value  P (C 4 H 10 ) can be partly affected by the concentration dependence of  P . Solubility 
controlled permeation here, as in other cases, can be ascribed to an open porosity kind of 
free volume typical for these polymers. For PTMSP, it was confi rmed by a computer 
simulation study using molecular dynamics  [24] . So it can be assumed that the nano-
structure of PTMSN also includes large and partly opened pores. This subject will be 
considered in more detail later in this chapter. From the practical viewpoint, this result 
means that membrane based on PTMSN can be used to remove higher hydrocarbons from 
natural and associated petroleum gas. 

 Continuous decrease in permeability in time (so called ageing) is a well - known pecu-
liarity of PTMSP and some other polyacetylenes  [25] . Such ageing can be considered as 
a shortcoming of potential membrane materials, so it is quite desirable to test the time 
stability of the permeation parameters for any high free volume, high permeability poly-
mers. Bearing this in mind, we undertook a study of the effects of ageing on permeability 
coeffi cients of PTMSN. The results are given in Figure  3.1 . It can be concluded that some 
ageing takes place also in the case of PTMSN, though the rate of ageing is much slower 
that that of PTMSP.   

 A feature of highly permeable polyacetylenes is a low (sometimes negative) value of 
activation energy of permeation. Since



48 Membrane Gas Separation

    P DS=     (3.1)  

    P P E RT D E RT S H RT= −( ) = −( ) + −( )0 0 0exp exp expP D sΔ     (3.2)   

 the activation energy of permeation can be presented as the sum:

    E E HP D s= + Δ .     (3.3)  

where  E  D  is the activation energy of diffusion and   Δ H  s  is enthalpy of sorption. 
 Since in such polymers activation energy barriers for diffusion are low, the prevailing 

effects are exerted by negative   Δ H  values. The temperature dependence of the permeabil-
ity coeffi cients in PTMSN shows that such behaviour is typical also for this polymer 
(Figure  3.2 ).   
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 Already a qualitative analysis of Figure  3.2  indicates that the activation energies of 
carbon dioxide and ethane are negative, while those of other gases have relatively small 
values (see also Table  3.6 ). This is one more feature that explains solubility controlled 
permeation in PTMSN and its large gas permeability.   

 Pressure also exerts effects on the permeability coeffi cients of gases in PTMSN. 
The strongest effects were observed for permeability of carbon dioxide, as Figure  3.3  
indicates.   

 Such shape of the  P ( p ) curves is typical for glassy polymers. The left, low pressure 
branch of the curve is explained by semi - empirical dual - mode sorption and mobility 
model. The right branch that shows increases in permeability with increasing pressure is 
usually explained by the plasticization effects (see Ref. 19, p. 24). There is, however, one 
interesting peculiarity of PTMSN: in conventional glassy polymers such as polyimides, 
polycarbonates, etc. the pressure  p  min  where the curve passes through a minimum amount 

  Table 3.6    Parameters of the Arrhenius dependence of permeability in  PTMSN  

   Gas      P  0  (Barrer)      E  P  (kJ/mol)  

  H 2     6700    3.1  
  He    5100    4.2  
  O 2     1700    1.3  
  N 2     2500    4.6  
  CO 2     250     − 7.4  
  CH 4     1390    0.63  
  C 2 H 6     620     − 2.3  

3700
0 0.4 0.8 1.2

3900

4100

4300
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PCO2

     Figure 3.3     Peremeability coeffi cients  P (CO 2 ) (in Barrer) as a function of upstream 
pressure in the cell of mass spectrometric unit (downstream pressure is zero,  T    =   22    o C)  
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10 – 20   atm  [26] . In the case of PTMSN, as is seen from Figure  3.3 ,  p  min  is approximately 
0.5   atm. The reason for a strong tendency to plasticization of PTMSN by carbon dioxide 
is not completely clear. For its explanation, the whole shape of the sorption isotherm in 
a wide range of pressure should be compared, which is not yet available for PTMSN. The 
differences of solubility coeffi cients at infi nite dilution (initial slopes of the sorption 
isotherms) are suffi ciently large to explain such strong plasticization effects.  

   3.3.3    Sorption and Diffusion 

 Sorption thermodynamics were studied using the IGC method for a number of solutes 
(n - alkanes C 3  – C 16 , cyclohexane, methylcyclohexane) in the range 50 – 250    ° C. For all the 
solutes, the linear dependencies of log  S  versus 1/ T  enabled an estimation of the enthalpies 
of sorption   Δ H  s . It was shown that when the size of the solutes (e.g. their critical volume 
 V  c ) increases the negative enthalpies of sorption also increase. This dependence can be 
presented by the equation:

    ΔH aV bs c= +     (3.4)  

where  a    =    − 0.071    ±    0.002 and  b    =    − 16.9    ±    0.9, correlation factor  R  2    =   0.993. Using this 
correlation, enthalpies of sorption of light gases and, via Equation ( 3.3 ), the activation 
energies of diffusion of light gases were also estimated. The found  E  D  (kJ/mol) values 
are as follows: O 2    =   23.5; N 2    =   27.9; CO 2    =   16.2; CH 4    =   24.6. These values are not as 
small as those observed in PTMSP  [20] , however, they are relatively low as compared to 
the diffusion activation energies in conventional glassy polymers. So judging by this 
parameter too, PTMSN can be considered as intermediate between ultra - permeable poly-
mers like PTMSP and conventional glassy polymers. 

 The IGC method also resulted in the determination of the solubility coeffi cients  S  in 
PTMSN. The  S  values were also determined as the ratio  P / D  for light gases. The combined 
results are presented in Figure  3.4  in the form of correlation of  S  versus squared critical 
temperature of solutes. The data for PTMSN obtained by the two methods are compared 
with the results of the investigation of PTMSP, the polymer having extremely high solu-
bility coeffi cients.   

 It was shown that PTMSN is characterized by unusually great solubility coeffi cients. 
It is seen from Figure  3.4  that PTMSN has only marginally smaller  S  values as compared 
with PTMSP. A similar conclusion in comparison of these two polymers can be made 
based on comparison the  S  values obtained as the ratio  S    =    P / D  (see Table  3.7 ). It can be 
assumed that rigid chains of PTMSN, as evidenced by its very high glass transition 
temperature and the presence of bulky Si(CH 3 ) 3  groups attached directly to the main 
chains, are the reasons for great sorption parameters. Table  3.7  also indicates that higher 
permeability of PTMSP is caused obviously by signifi cantly larger values of its diffusion 
coeffi cients. The values of  D  and  E  D  in PTMSN imply that the structure of free volume 
in this polymers is not as opened as it is in PTMSP.    

   3.3.4    Free Volume 

 A description of high permeability polymers is not complete if the free volume of the 
material is not considered. In this work, several methods for evaluation of free volume 
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are used. All of them show that the appearance of bulky Si(CH 3 ) 3  side groups results in 
a signifi cant increase in free volume. The simplest and, maybe, the most traditional 
approach for estimation of free volume (FFV) is based on the Bondi method  [28] :

    FFV f sp w sp= = −V V V V1 1 3.     (3.5)   

 where  V  f  (cm 3 /g) is the free volume,  V  sp  (cm 3 /g) is the specifi c volume of the polymer 
defi ned as 1/  ρ   where   ρ   (g/cm 3 ) is the density, and  V  w  is the van der Waals volume of the 
repeat unit. This is a very approximate approach, however, as it gives systematic scales 
of glassy polymers with various density of chain packing, and the FFV values usually 
correlate with the permeability and diffusion coeffi cients. It is seen from Table  3.8  that 
PTMSN has higher values of FFV than other addition - type polynorbornenes. The found 
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     Figure 3.4     Correlation of  S  (35    ° C) versus  T  c  2 , where  T  c  is the critical temperature of 
solutes: (1) PTMSN; (2) PTMSP  [22]   

  Table 3.7    Permeability, diffusion and solubility coeffi cients of gases in  PTMSN  and 
 PTMSP  [27]   a   

   Gas     PTMSN  b       PTMSP  c    

    P       D  /10 6       S       P       D  /10 6       S   

  O 2     838    5.0    1.3    7730    35.8    1.6  
  N 2     321    2.7    0.91    4970    25.5    1.5  
  CO 2     4180    3.2    9.8    28   000    21.7    9.8  
  CH 4     849    1.8    3.6    13   000    22.7    4.4  

    a     P  in Barrer,  D  in cm 2    s  − 1 ,  S  in cm 3    (STP)/cm 3    atm.  
   b    At 22    ° C.  
   c    At 30    ° C.   
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absolute FFV value is comparable to those earlier observed for other highly permeable 
polymers like e.g. perfl uorinated copolymers AF  [21] .   

 X - ray wide angle scattering in glassy polymers usually shows one or two broad amor-
phous halos. Most high free volume polymers are characterized by two bands, while e.g. 
polyimides show a single halo. The coordinates of the maximum of 2  θ   allow an estima-
tion of periodicity  d  B  (so - called  d  spacing) using Bragg ’ s formula:

    dB = ( )λ θ2sin     (3.6)   

 The fi rst value of  d  B  in PTMSN can be attributed to intersegmental spacing and is 
indicative of looser chain packing as compared with other presented norbornene 
polymers. 

 It is worthwhile to note that the conventional glassy polymers like polycarbonates and 
polysulfones are characterized by much smaller values of  d  spacing (4 – 6    Å ); that is, they 
have more densely packed chains. 

 The generally recognized and the most reliable method for investigation of free volume 
in polymers is positron annihilation lifetime spectroscopy (PALS). It was applied for 
investigation of PTMSN and related polymers. This method is based on the measurement 
of lifetime spectra of positrons in polymers  –  lifetimes   τ  i   (ns) and corresponding intensi-
ties  I i   (%). Longer lifetimes   τ  i   (or   τ   3  and   τ   4 ) (so - called o - orthopositronium lifetimes) can 
be related to the mean size of free volume  R .

    τ π πi i iR R R R= − ( ) + ( ) ( )[ ]−1 2 1 1 2 20 0
1sin     (3.7)  

where   τ  i     =     τ   3  or   τ   4  are o - Ps lifetimes and  R i     =    R  3  or  R  4  are the radii of free volume ele-
ments expressed in nanoseconds and angstroms, respectively;  R  0    =    R i     +     Δ R , where 
  Δ R    =   1.66    Å  is the fi tted empirical parameter. Earlier studies  [8,9]  with other poly-
norbornenes with H and CH 3  substituents revealed relatively short lifetimes   τ   3  and smaller 
sizes of free volume elements in these polymers. Table  3.9  presents the PALS data 

  Table 3.8    Fractional free volume ( FFV ) and  X  - ray scattering data of addition - type 
polynorbornenes with different side groups  R  

   R     FFV     WAXD     Ref.  

   (2  θ  ) 1 , degree     (2  θ  ) 2 , degree     d B1 ,  Å      d B2 ,  Å   

  Si(CH 3 ) 3     0.275    6.5    15.5    13.6    5.7    This work  
  CH 3     0.18    9.3    18.2    9.3    4.9     [9]   
  H    0.15    10    18.5    8.8    4.7    This work,  [8]   

  Table 3.9     PALS  data for  PTMSN  and other addition - type polynorbornenes 

   R       τ   3 , ns     I 3 , %       τ   4 , ns     I 4 , %     R 3 /R 4 ,  Å      Ref.  

  Si(CH 3 ) 3     3    10    7    30    3.7/5.7    This work  
  CH 3     3.15    33.3     –      –     3.34 (R 3 )     [9]   
  H    2    25    3.6    8.9    2.9/4.1    This work  
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obtained for the PTMSN investigated. First, the treatment of the primary experimental 
results shows that much better statistical fi t can be obtained for bimodal lifetime and size 
distribution of free volume for PTMSN. According to Equation ( 3.7 ), very large free 
volume elements are present in this polymer. The values 2 R  4  are consistent with the results 
of WAXD study (Table  3.8 ). Second, it should be reminded that bimodal lifetime distri-
bution observed for PTMSN is a common feature of all polymers with great gas perme-
ability  [19] .   

 An analysis of kinetics of o - positronium formation and decay in the polymer allows 
an estimation of the concentrations of free volume elements of the two kinds in PTMSN: 
 N  3    =   5.6    ×    10 19    cm  – 3  and  N  4    =   9.8    ×    10 19    cm  – 3 . For comparison in PTMSP the correspond-
ing values are somewhat higher:  N  3    =   5.6    ×    10 19    cm  – 3 ,  N  4    =   26    ×    10 19    cm  – 3 . A big difference 
in the  N  4  values can explain more opened porosity and other properties of PTMSP. 

 Temperature dependence of the PALS parameters in PTMSN is shown in Figure  3.5  
for a wide range of temperature. Strong independence of the observed PALS parameters 
on temperature is rather unusual for common polymers, however, it has been observed 
for high free volume materials like PTMSP  [29] . Usually temperature dependence of 
lifetimes and radii of free volume can be described by two linear dependencies with dif-
ferent slopes and a break in vicinity of the glass transition temperature  [30] . In conven-
tional glassy polymers, increases in the lifetimes or hole size with temperature are caused 
mainly by small scale movements of groups that form  ‘ walls ’  of free volume elements in 
polymers. In extra high permeability polymers like PTMSN and PTMSP, the sizes of 
holes (and corresponding lifetimes) are determined mainly by loose packing of rigid 
chains, so this small scale mobility is masked by structure porosity frozen in polymer.   

 Inverse gas chromatography provides an additional possibility to determine the size of 
free volume elements in glassy polymers. For several highly permeable glassy polymers, 
it was shown that the dependencies of the partial molar enthalpies of mixing   Δ H  m  are 
strong functions of molecular sizes of solutes and pass through minima that correlate with 
the gas permeability  [19] . So it is worthwhile to use the size of solutes, e.g. the critical 
volume  V  c , as a scaling parameter and compare the coordinates of these minima for dif-
ferent glassy polymers. It can be assumed that the molecular size of the solute, which 
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     Figure 3.5     Temperature dependence of the PALS parameters in PTMSN  
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corresponds to the minimum at this dependence, is close to the mean size of free volume 
elements in the polymer. So it was interesting to check this for PTMSN and make some 
comparisons. Figure  3.6  shows the correlation of the   Δ H  m  values of PTMSN with the size 
of the solutes ( n  - alkanes) whose size is characterized by  V  c .   

 One can discern for PTMSN the two broad minima in the curve   Δ H  m ( V  c ) that corre-
spond to the values of  V  c  of 426   cm 3 /mol (n - C 7 ) and 754   cm 3 /mol (n - C 12 ). The presence 
of the two minima is rather unexpected because in most cases only one minimum was 
observed in the curves   Δ H  m ( V  c ). The only exception so far was amorphous Tefl on AF2400, 
where also two minima, though fl at and broad, could be noted  [19] . Here we have appar-
ently another manifestation of bimodal size distribution of free volume in glassy polymers 
that attracts now a keen interest  [33] . The error bars shown in Figure  3.6  seem to support 
the assumption of bimodal size distribution in this polymer. 

 The task of the quantitative determination of the free volume size using the IGC method 
must depend on a choice of molecular volume of n - alkanes, the solutes used by us as the 
probes in free volume determination. Different scales can be employed as measures of 
molecular volumes: van der Waals volume  V  w , molecular volume in liquid phase  V  b  (at 
corresponding boiling point  T  b ) and  V  c . These quantities vary signifi cantly and differ from 
each other; however, the general trends are the same for series of the solutes: for example 
for n - hexane the following values are reported(in  Å  3 /molecule):  V  w    =   113,  V  b    =   235 and 
 V  c    =   611 (the sources of these values is given in Ref.  [34] ). Since the density of the sorbed 
phase is unknown, the only criterion for selection the of best scaling parameter should be 
a comparison with the results of other probe methods for the investigation of free volume 
in polymers. 

 In Table  3.10 , the sizes of free volume elements ( V  f ,  Å  3 ) in PTMSN and other polymers 
are compared. They were found via PALS and IGC. The pairs of  V  f  values for PTMSN 
based on the IGC method correspond to the two minima shown in Figure  3.6 .   
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 The PALS values correspond to the larger size of microcavities in the case of the 
bimodal size distribution. In addition, the permeability of the polymers in respect of 
oxygen is also shown. It is seen that the polymers with greater gas permeability are char-
acterized by larger free volume elements independently of the method of the determina-
tion. However, the values obtained by the IGC method differ systematically from those 
found using the maybe more refi ned PALS method. In particular,  V  f (PALS) are smaller 
than  V  f ( V  c ) but larger than  V  f ( V  b ) with approximately equal deviation of  V  f (PALS) from 
the both quantities. There are several different reasons for these discrepancies. In 
the PALS method, the radii of free volume elements are estimated via  o  - positronium 
lifetimes. The size of free volume elements  V  f  is calculated then in assumption of its 
spherical symmetry, which is the subject of some doubts. In the case of IGC, the sizes of 
the free volume element are averaged over the temperature range, where   Δ H  m  values were 
determined, while the PALS method gives the information at specifi c temperatures. In 
addition, as has been mentioned, the main uncertainty in estimation of  V  f  in the IGC 
method is related to the density of sorbed phase and, consequently, the best choice for 
the scaling parameter  –   V  b  or  V  c . It can be speculated that the critical density, which 
defi nes  V  c , is too small for the condensed phase. On the other hand, the conformations of 
the sorbed probe molecules (n - alkanes) can poorly correspond to irregular structure 
of free volume in polymers, so their accommodation can be rather imperfect. Since the 
deviations of  V  f ( V  c ) and  V  f ( V  b ) from  V  f (PALS) are more or less the same for all the 
polymers considered, one can assume that the density of the sorbed phase is larger than 
the critical density, which defi nes the  V  c  values, by a factor about 2. This conclusion can 
be taken into account in further determination of the sizes of free volume elements using 
the IGC method.   

   3.4    Conclusions 

 PTMSN, described in this work, is another member of a family of high permeability, 
large free volume membrane materials. It is characterized by relatively high gas perme-
ability caused mainly by great solubility coeffi cients, small or negative activation energies 

  Table 3.10    Sizes of free volume elements in polymers as determined by the  PALS  and 
 IGC  methods  [19,35]   a   

   Polymer      P (O 2 ), Barrer      V  f  ( Å  3 )  

   PALS     IGC  

    V  c       V  b  b     

  PVTMS    44    345    ±    10    610    235  
  AF1600    170    490    ±    10    710    270  
  AF2400    1140    880    ±    20    710/1100    2700/455  
  PTMSN    800 – 1000    775    710/1260    270/500  
  PTMSP    7000 – 12   000    1320    ±    35     –      –   

    a    AF1600 and AF2400 are random copolymers of 2,2 - bis(trifl uoromethyl) - 4,5 - difl uoro - 1,3 - dioxole and 
tetrafl uoroethylene with content of the latter of 35 and 13 mol%, respectively.  
   b     V  b  were calculated via Benson formula  V  b    =    V  c /(0.422   log    p  c    +   1.981), where  p  c  is the critical pressure.   
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of permeation, solubility controlled permeation that is revealed by increase in permeabil-
ity coeffi cients when the size of the penetrants increases, and great free volume as 
estimated by several independent methods. On the other hand, very slow ageing of this 
polymer was observed. 

 All these properties can be explained by the unusual design of the repeat unit of 
PTMSN  –  bulky Si(CH 3 ) 3  groups attached directly to the very stiff main chain. 

 PTMSN can be considered as a candidate material for membrane separation of hydro-
carbons, and this research is now in progress.  
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    4.1    Introduction and Scope 

 Fluorinated polymers have quite different properties compared to their hydrocarbon 
counterparts, due to the nature of the C – F bond. They often have a particularly high 
thermal and chemical stability, insolubility in common organic solvents and resistance to 
swelling by condensable gases or vapours. Such properties are an advantage for those 
membrane applications where the separation takes place under harsh conditions. 
Crystalline perfl uoropolymers such as Tefl on  ®   are extremely stable but their crystalline 
nature makes them mostly suitable for porous membranes, either for fi ltration of liquid 
media, or for instance for membrane distillation processes which take advantage of the 
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extremely high hydrophobicity of perfl uorinated polymers. This prevents wetting of the 
pores by water and thus enables the transport through the vapour phase alone. 

 The increasing pressure on industry to develop more sustainable technologies is an 
additional driving force for radical changes in the materials choice. In this respect, in 
recent years, amorphous glassy perfl uoropolymers (PFPs) such as Cytop  ®  , Tefon AF  ®   and 
Hyfl on AD  ®   are under the attention of the membrane community for their application 
in gas and/or vapour separation processes. The latter is possible due to the presence of 
bulky groups in the polymer chain which adds a relatively high permeability to their 
already outstanding set of properties. In theory this allows their application in fi elds with 
particularly harsh conditions where other polymers may fail due to chemical attack, 
thermal instability and plasticization by condensable species. 

 An important aspect for the understanding of the transport properties of such polymers 
is the study of their structure, down to the molecular level. Especially in the absence of 
swelling phenomena, when the penetrant solubility in the perfl uoropolymer matrix is rela-
tively low, as is usually the case for non - fl uorinated hydrocarbon vapours, the main factor 
which determines the transport properties is the Free Volume (FV). Knowledge of the 
free volume is therefore often of great importance for the understanding of the transport 
properties of dense membrane materials. 

 The scope of this chapter is to determine the average free volume size and size 
distribution for Hyfl on AD  ®   (Figure  4.1 ) by the photochromic probe method and to 
study the transport of organic vapours in membranes of this polymer. The fi nal aim is 
to correlate the transport data in the polymer with the free volume element (FVE) size 
distribution and to gain a better understanding of structure – property relationships in 
perfl uoropolymers.   

   4.1.1    Free Volume and Free Volume Probing Methods for Polymers 

 The free volume in polymers is defi ned as the volume not directly occupied by the atoms 
constituting the polymer chains. It is a characteristic of all solids, but in the case of glassy 
polymers it is of particular interest, especially in relation to their use as membrane materi-
als. Polymers below their  T  g  are in a non - equilibrium state. Depending on the sample 
history and on the specifi c material, the frozen non - equilibrium state, a result of the 
dramatically reduced mobility of the polymer chains in the glassy state, may give rise to 
time - dependent relaxation phenomena or physical ageing, leading to a gradual reduction 
of the free volume fraction and often to a shift in the FV distribution (FVD). For the 
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     Figure 4.1     Molecular structure of Hyfl on ®  AD60X ( x    =   0.6) and Hyfl on ®  AD80X 
( x    =   0.8), poly(2,2,4 - trifl uoro - 5 - trifl uoromethoxy - 1,3 - dioxole -  co  - tetrafl uoroethylene)  
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understanding of mass transport in dense polymer membranes, insight in their free volume 
is essential. 

 By defi nition, the free volume cannot be measured directly: it is a vacuum which can 
neither be seen, nor sensed in any way. The only possible way for the determination of 
the free volume is by sensing of its surroundings, from which we can deduce the part 
of the volume that is not occupied. Several probe methods have been developed for 
probing the occupied volume in a polymeric sample, each of them based on different 
physical properties and on different measurement principles  [1,2] . 

   •      Positron annihilation lifetime spectroscopy (PALS) studies the lifetime spectrum of 
ortho - positrons after being injected into the sample  [3,4] . This lifetime depends on the 
probability of the ortho - positronium (o - Ps) particle (a hydrogen - like bound state formed 
by a positron – electron pair) to be quenched and annihilate. This probability is higher 
in condensed matter than in vacuum. Of all the probe methods PALS is nowadays 
probably the most versatile one and the most widely used. The o - Ps particle is the 
smallest probe available and can thus detect the smallest free volume elements; further-
more, the method furnishes information on the average free volume size and on the FV 
size distribution.  

   •      Inverse gas chromatography, IGC  [5] . In this method the sorption thermodynamics of 
a homologous series of usually alkanes in the polymeric matrix are determined. The 
partial molar enthalpy of mixing,  Δ  H  m , depends on the size of the sorbent and it was 
found that a plot of  Δ  H  m  against probe size shows a minimum for the sorbent size which 
best corresponds to the average size of a free volume element.  

   •       129 Xe - NMR spectroscopy  [6] . This method evaluates the chemical shift of xenon - 129, 
dissolved in the polymer matrix. The chemical shift of the  129 Xe atoms depends on the 
interaction of the electron cloud with those of the atoms in the surrounding polymer. 
This interaction is stronger the smaller the size of the FVE in which the  129 Xe probe is 
located.  

   •      Electrochromic probing  [7]  relies on the detection by UV spectroscopy of the reorienta-
tion of suitable electrochromic probes, usually azo or other dye molecules, dissolved 
in the polymer matrix and then oriented in an electric fi eld. The rate and kinetics of the 
reorientation after release of the electric fi eld is related to the probe molecule size and 
to the available free volume size.  

   •      The spin probe method was one of the fi rst methods used to evaluate the free volume 
in polymers  [1,7] . It is based on the principle that the rotational frequency of spin 
probes, usually stable nitroxyl radicals such as TEMPO (2,2,6,6 - tetramethylpiperidine -
 1 - oxyl) is sensitive to the free volume. The relatively complex correlation between 
spectral data and FV makes this method more suitable for qualitative comparison of 
different polymers than for quantitative analysis of the FV  [1,8] .  

   •      The photochromic probe method uses different probe molecules, usually substituted 
stilbenes and azobenzenes, and in this case the evaluation is based on the capacity of 
the probe molecules to undergo a  trans  –  cis  isomerization upon irradiation (Figure  4.2 ) 
 [9] . This depends on the probe size and on the size of the FVE in which it is located. 
The probe molecules are dissolved in the polymer matrix, isomerization is induced by 
a strong UV lamp and the degree of isomerization is determined from the absorbance 
spectra before and after the isomerization.       
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   4.1.2    Details of the Photochromic Probe Method 

 As anticipated above, photochromism of molecular probes is a phenomenon which is 
sensitive to the distribution of local free volume in polymer glasses  [9] . Photochromic 
molecular probes in glassy polymers were fi rst used as far back as 1968  [10] . Since then 
they have been successfully used in evaluating the FV of various polymer matrices 
 [11 – 14] . The principle of the method is based on the space required for photoisomeriza-
tion of probe molecules. For this purpose the photochromic or photo - isomerizable 
molecules, often stilbenes and azobenzenes, are dispersed homogeneously into the 
polymer matrix. Upon irradiation with UV or visible light with the proper wavelength 
and/or upon heating, the photochromic probes may undergo  trans  –  cis  isomerization and 
back. The crucial hypothesis at the basis of this technique is that photoisomerization in 
the glassy state requires a minimum critical size of local free volume in the vicinity 
of the chromophore. This isomerization requires a certain amount of extra volume during 
the isomerization of the molecule from the  trans  to the  cis  confi guration  [9]  not only 
because the molecular volume of the  cis  and the  trans  isomers may be different, but also 
because the structural rearrangement requires some freedom of motion. This is schemati-
cally displayed in Figure  4.3 . Only if this volume is available, i.e. if the photochromic 
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     Figure 4.2     Photo - induced  trans  –  cis  isomerization of 4 - (4 - nitrophenylazo)aniline 
(4 - amino - 4 ’  - nitro - azobenzene, Disperse orange 3). The back reaction to the more 
stable trans isomer may be photo - induced or thermally induced  

     Figure 4.3     Illustration of the total volume required for the isomerization of the 
photochromic probe 4 - (4 - nitro - phenylazo)aniline (4 - amino - 4 ’  - nitro - azobenzene, Disperse 
orange 3)  
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molecule is located in a suffi ciently large free volume element, then photoisomerization 
will occur.   

 An important and generally accepted assumption is that the dye molecule does not 
infl uence its surroundings, i.e. it does not interact with the polymer matrix and it does 
not change the free volume itself. The polymer chain dynamics must be suffi ciently slow 
that there is no signifi cant relaxation of the free volume elements on the time scale 
required for the  trans  –  cis  transition. The latter makes this method only suitable for glassy 
polymers at temperatures suffi ciently far below the glass transition. 

 In practice, the amount of probe photoisomerization in the polymer is measured relative 
to that in dilute solution in a non - viscous model solvent, where free volume is not a 
constraint to isomerization. The ratio between the two is an indication for the available 
local free volume of a given size and it is usually plotted as a function of the volume 
required for the photoisomerization of different probes. The  cis  fraction in solution rep-
resents the maximum possible degree of isomerization under the given conditions and the 
value in the polymer phase can range from 0% to 100% of the value in solution. For the 
same probe compound irradiated under the same conditions, a lower degree of isomeriza-
tion in the polymer phase compared to the solution indicates that a fraction of the mol-
ecules is trapped in too small free volume elements to enable successful isomerization. 
This procedure gives a fi rst qualitative impression of the distribution of local free volume 
if a series of photochromic molecules is used which require each a different volume for 
the isomerization. Under the proper conditions a  quantitative  free volume distribution can 
be obtained. If the concentration or number of probes ( n  probe ) is much lower than the 
number of FVEs ( n  hole ) in the polymer matrix, and if we further assume that the probes 
are homogeneously distributed in the polymer matrix, that is, without aggregation, then 
the relative degree of isomerization in fi lm compared to solution is equal to the fraction 
of probe molecules located in a FVE larger than or equal to the minimum isomerization 
volume of the probe molecule. Since  n  hole     >>     n  probe , we can invert this relation and conclude 
that the relative degree of isomerization is also equal to the fraction of FVEs larger than 
the minimum volume required for the isomerization reaction. This represents a point in 
the cumulative free volume distribution curve. Using a series of different probe molecules 
with a suffi ciently wide range of isomerization volumes we will thus obtain several points, 
which together make up the entire cumulative distribution curve. 

 This method has been successfully applied to various glassy polymers. Torkelson and 
co - workers studied the local free volume distribution in polystyrene (PS)  [9] , poly(methyl 
methacrylate) (PMMA)  [15]  as well as bisphenol - A polycarbonate (PC) and poly(vinyl 
acetate) (PVAc)  [16] . An interesting feature was that they were able to follow the process 
of physical ageing. The overall distribution is larger in PMMA than in PS and in both 
polymers physical ageing leads to a larger decrease in the fraction of large free volume 
elements than in the fraction of small free volume elements. In PS, on the other hand, a 
rearrangement of the entire FVD takes place and both the small and the large FVEs are 
affected. Results of PVAc demonstrated that the method cannot be successfully applied 
near the glass transition, where the typical chain relaxation times are of the same order 
of magnitude as the time required to reach the photostationary state of the probe molecules 
upon irradiation  [16] . In this case, changes of the FVEs during the photoisomerization 
reaction compromise the interpretation of the data. In general the method can be applied 
to a wide range of systems. The matrix may be a thermoplastic polymer  [11] , as in the 
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studies above, or a gel  [13,14]  and the probes may not only be dispersed in the polymer 
matrix but also chemically bound  [12,14,17] . 

 A fundamental requirement for the system to be suitable for the application of the 
photochromic probe method is that the polymer is suffi ciently transparent to UV or visible 
light in the spectral range of the photochromic probe molecules, fi rst of all to induce 
the photo - isomerization reaction upon irradiation of the sample, and secondly to allow 
the determination of the absorption spectrum of the isomers before and after the irradia-
tion, and thus to calculate the degree of isomerization. In this respect, Hyfl on AD is an 
excellent polymer because it is highly transparent in the visible spectrum and in most of 
the UV spectrum, the reason for its original application in optical devices.  

   4.1.3    Relevance of Free Volume for Mass Transport Properties 

 It is generally accepted that mass transport in dense polymer membranes takes place 
according to the well - known solution - diffusion mechanism  [18,19] . For non - swelling and 
non - plasticizing species the amount of penetrant that can dissolve in the glassy polymer 
matrix depends on the available sorption sites and often a typical dual mode sorption 
behaviour is observed  [20] . The number of Langmuir sorption sites is strongly related to 
the free volume distribution of the sample. 

 Also penetrant diffusion depends strongly on the free volume distributions, because it 
takes place through a kind of  ‘ hopping ’  mechanism where the penetrant molecules move 
around in a free volume element until they fi nd enough energy to exceed the energy barrier 
for a jump to the neighbouring FVE  [21 – 23] . These energy barriers depend on many 
different factors, such as the rigidity of the polymer matrix, the size of the molecule and 
the degree of interconnectivity of the free volume. Therefore, knowledge of the free 
volume is of great help for a better understanding of the transport properties of dense 
polymeric membranes. The gas transport properties of solution - cast and melt - pressed 
Hyfl on AD60X membranes have been published previously and the results show that the 
solution - diffusion model can be applied to this polymer  [24] .   

   4.2    Membrane Preparation 

   4.2.1    Materials 

 Two different grades of glassy amorphous perfl uorpolymers were used, Hyfl on  ®   AD60X 
and Hyfl on  ®   AD80X (Solvay Solexis), having glass transition temperatures of 130    ° C  [24]  
and 134    ° C  [25] , respectively. In this study 1 - methoxy - nonafl uorobutane (3M, trade name 
HFE 7100, b.p. 60    ° C, mol. wt. 250   g   mol  − 1 ), was used as the solvent to prepare solution -
 cast Hyfl on AD fi lms. Photochromic molecules (Table  4.1 ) were purchased from Aldrich 
in their stable  trans  isomeric form and they were used without further purifi cation. 
Dichloromethane (Carlo Erba Reagenti, DCM) was used as received, serving as the 
solvent to prepare the concentrated mother solution of the photochromic molecules.    

   4.2.2    Procedures 

 The polymer solution was prepared as a 5   wt. - % solution in HFE 7100 (0.25   g in 5.0   g 
of total solution). A 5.9    ×    10  − 3    mol   L  − 1  mother solution of the  trans  isomer of the dye 
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  Table 4.1    Overview of all the probe molecule structures, their van der Waals structures in the  cis  and  trans  isomeric form and their 
isomerization volume 

   Photochromic Probes 
Molecular structure  

   van der Waals structure     Total volume a  
( Å  3 )  

   Ref.  

    Cis  isomer      Trans  isomer  

     
    Azobenzene             

  271    9  

     
    Stilbene 

      
      

  373    9  

     
   Disperse orange 3 
 Azobenzene, R   =   NO 2 , 

R ’    =   NH 2   
      

      

  421    27  

(continued overleaf)
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   Photochromic Probes 
Molecular structure  

   van der Waals structure     Total volume a  
( Å  3 )  

   Ref.  

    Cis  isomer      Trans  isomer  

     
    4,4 ’  - Dinitrostilbene             

  449    9  

     
   Disperse red 1 
 Azobenzene, R   =   NO 2 , 

R ’    =   N(C 2 H 5 )C 2 H 4 OH  

      
      

  517    27  

     
   Disperse orange 25 
 Azobenzene, R   =   NO 2 , 

R ’    =   N(C 2 H 5 )C 2 H 4 CN  

            

  574    27  

    a    Total volume needed for isomerization reaction.   

Table 4.1 (continued)
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molecules was prepared separately in DCM. The polymer solution containing the photo-
chromic molecules was then prepared by addition of 0.05   g of the concentrated dye solu-
tion to the Hyfl on solution under vigorous stirring. All photochromic solutions were 
prepared and stored in fl asks wrapped with aluminium foil to avoid uncontrolled light 
exposure and premature photoisomerization. Finally, the photochromic dense membranes 
were prepared by the solvent evaporation method in a Petri dish. Evaporation of the 
solvent yielded slightly coloured or colourless completely transparent haze - free fi lms. The 
procedure is schematically displayed in Figure  4.4 .   

 Films were fi rst dried for at least 48   h at room temperature and then in a vacuum oven 
at 50    ° C for 6   h. In all operations the exposure of the dyes to ambient light was minimized 
in order to prevent uncontrolled photoisomerization. The resulting dye concentration in 
the membrane is approx. 0.06   wt. - %, based on the polymer dry weight. It is assumed that 
during evaporation of the solvent the rapidly increasing viscosity of the solution could 
immobilize the photochromic molecules, and that the dye concentration is suffi ciently 
low to prevent noticeable aggregation or crystal nucleation of the dye. Since DCM is not 
a solvent for Hyfl on, too high concentrations in the casting solution could cause precipita-
tion of the polymer. Therefore the demixing behaviour of the ternary system Hyfl on  ®   
AD60X / HFE 7100 / DCM was determined by drop - wise addition of DCM to a Hyfl on 
solution in HFE, analogous to the procedure described previously for the determination 
of phase diagrams  [26] . At all polymer concentrations from 1 – 10   wt. - % the maximum 
allowable amount of DCM in the solution without inducing phase separation was at least 
18   wt. - %, well above the DCM concentration reached in the casting solution upon addition 
of the concentrated dye solution (ca. 1   wt. - %).  

   4.2.3    Membrane Properties 

 The membranes were prepared as a dense fi lm of about 60    μ m by solution casting and 
solvent evaporation, as described in the previous section. No photochromic dyes were 
used in the membranes for the transport measurements. For the FV analysis, six different 

Casting solution with
polymer, solvent, dye 

Solvent evaporation in
controlled atmosphere:
1) Ambient conditions
2) In vacuum oven 

Dense Hyflon AD membrane

( < 0.1% dye ) 

Polymer solution in
fluorinated solvent

(Rapid stirring!)

Concentrated
dye in CH2Cl2

Release 
with water

Fluorinated solvent
(Stirring)

Casting

Hyflon AD

     Figure 4.4     Membrane preparation procedure. All steps but the preparation of the 
polymer solution are carried out in the dark  
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probes were used (Table  4.1 ). Their fi nal concentration in the dried membrane is approxi-
mately 1.7    ×    10  − 6    mol   cm  − 3 . This is less than 0.1% of the fi nal weight and corresponds to 
a total number of molecules equal to ca. 10 18    cm  − 3 . In terms of weight (or volume) this is 
practically negligible compared to the overall free volume in Hyfl on AD of ca. 23   vol. - % 
 [27] . Also in quantitative manner this is much lower than the concentration of FV ele-
ments, usually between 2    ×    10 20    cm  − 3  and 8    ×    10 20    cm  − 3   [1] . It may therefore indeed be 
assumed that the probes themselves do not have a notable infl uence on the free volume. 
The more than 200 - fold excess of available FV holes also reduces the probability that 
two molecules might occupy the same FVE to practically zero, justifying the assumptions 
made in the introduction above.   

   4.3    Free Volume Analysis 

   4.3.1    Photoisomerization Procedures and UV - Visible Characterization 

 The  trans  –  cis  isomerization reaction (Figure  4.2 ) of all chromophores was carried out by 
irradiation with a UV - visible lamp (Helios Italquartz, model GRE 500W) selecting a 
wavelength of 350   nm with a quartz fi lter (OptoSigma). The back reaction was induced 
by irradiation at 440   nm, using a blue glass fi lter (OptoSigma). The lamp to fi lm distance 
was 15   cm. The band pass fi lters were placed directly onto the sample surface to avoid 
irradiation of the fi lms by unfi ltered scattered light from the sides, which may compromise 
the effi ciency of the photoisomerization. The UV - visible absorption spectra of the mem-
branes before and after irradiation were recorded on Shimadzu UV 1601 spectrophotom-
eter, interfaced to a personal computer for the data recording and elaboration.  

   4.3.2    Probes and Spectrophotometric Analysis 

 Preliminary studies of the  trans  –  cis  photisomerization kinetics recommended an irradia-
tion time of at least 15 minutes to reach the photostationary state and to have the maximum 
photoconversion for all dyes. This time was therefore used in all photoisomerization 
experiments. Molar absorption coeffi cients,   ε  trans   and   ε  cis  , of the photochromic molecules 
dispersed in the polymer matrix were calculated from absorbance measurements, using 
the Lambert – Beer law:

    A C d= ⋅ ⋅ε     (4.1)  

where  A  is the value of the absorbance peak at the maximum absorption wavelength of 
the dye,   λ  , while  d  is the path length of the UV beam in the sample, i.e. the membrane 
thickness, and  C  is the dye concentration, calculated from the mass ratio of the dye and 
the polymer in the original casting solution. All absorbance measurements were carried 
out at ambient temperature. The  cis  isomer fraction,  Y , in the fi lms is a measure of the 
 trans  –  cis  isomerization effi ciency, and is given by:

    Y
A Adark

cis trans

= −
−

1

1 ε ε
    (4.2)  
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where  A  dark  is the initial peak absorbance with only  trans  isomer present,  A  is the 
actual peak absorbance in the photostationary state. In the present work a total of four 
azobenzene and two stilbene probe molecules with different substituents were used. Their 
molecular structures in the form of the  trans  isomer and the van der Waals structures of 
both isomers are shown in Table  4.1 . 

 An example of the absorption spectra of a membrane containing unsubstituted azoben-
zene before and after isomerization is given in Figure  4.5 . It must be noted that 
the isomerization is completely reversible over various cycles of isomerization with a 
wavelength of 350   nm and 440   nm, respectively.   

 The details of the spectrophotometric analysis and the interpretation of the results have 
been published recently  [27] . The quantitative results of the cumulative free volume 
distribution, i.e. the relative  trans  –  cis  isomerization of the fi lms compared to the solution 
are listed in Table  4.2  as a function of the probe size.    

   4.3.3    Free Volume Distribution 

 As discussed above, the ratio of the  cis  fraction in the fi lm and the  cis  fraction in solution 
indicates which fraction of the probe molecules is located in a suffi ciently large FVE 
necessary to undergo isomerization. This thus represents the cumulative pore size dis-
tribution and the data are given in the last two columns of Table  4.2 . The experimental 
data are also plotted in Figure  4.6 . A statistical distribution of the void sizes was assumed 
and the values of  F  were fi tted with a cumulative normal distribution:  
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     Figure 4.5     Absorption spectrum of a Hyfl on AD60X membrane doped with azobenzene, 
starting with the fi lm as prepared, containing the  trans  isomer, and using a blank fi lm 
without the dye as a reference. The isomerization is reversible over several cycles of 
alternating irradiation at 350   nm and 440   nm  
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  Table 4.2    Relative isomerization effi ciency,  F , for all probes used, defi ned as the ratio of 
the  cis  fraction,  Y , in the fi lm and in the solution [data from 27] 

       Probe     Size      F    =    Y  fi lm / Y  solution   

   Probe 
volume a  ( Å  3 )  

   Eq. sphere 
radius ( Å  3 )  

   Hyfl on 
AD60X  

   Hyfl on 
AD80X  

  Azobenzene    271    4.014    0.08    0.0123  
  Stilbene    373    4.466    0.20    0.0244  
  Disperse orange 3    421    4.649    0.50    0.249  
  4,4 ’  - Dinitrostilbene    449    4.750    0.73    0.50  
  Disperse red 1    517    4.979    0.977    0.75  
  Disperse orange 25    574    5.156    0.991    0.92  

    a    Total volume, including the van der Waals volume of the molecule  [28]  and the extra volume required for the 
photo - isomerization  [9,29 – 31] .   
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     Figure 4.6     FVE distribution curve in terms of probe or FVE volume (left) and in terms of 
probe or FVE equivalent radius,  r  eq  (right). Fitting results: Hyfl on AD60X:   μ     =   419 and 
  σ     =   53    Å  3  ( r  eq    =   4.64    Å ,   σ     =   0.19    Å ); Hyfl on AD80X:   μ     =   462 and   σ     =   68    Å  3  ( r  eq    =   4.79    Å , 
  σ     =   0.24    Å ). The values between parentheses are based on the fi t of the radius  
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where  V  is the probe size or corresponding FVE size,   μ   is the mean value and   σ   is the 
standard deviation, a measure of the width of the distribution. The void size distribution 
is then described by the normal probability function:

    f
V= − −( )⎛
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exp     (4.4)   

 The latter describes a peak with a maximum at the average void volume  V    =     μ  . The two 
experimental data sets in the present work can be fi tted quite satisfactorily with the normal 
distribution function. The resulting quantitative data of the fi tting procedure are given in 
the caption of Figure  4.6 . 

 The size of the free volume elements is in the range of about 250 – 560    Å  3  in Hyfl on  ®   
AD60X and ca. 280 – 640    Å  3  in Hyfl on  ®   AD80X. This means that, if we assume a spherical 
shape of free volume elements, the equivalent radius is roughly between 4    Å  and 5.4    Å , 
slightly lower in Hyfl on AD60X than in Hyfl on AD80X, with a maximum in the distribu-
tion of about 420    Å  3  and 460    Å  3  ( r  eq    =   4.6    Å  and 4.8    Å ), respectively. Recently, a compara-
tive study of various experimental and computational free volume probing techniques on 
Hyfl on AD was reported  [27]  and the results of photochromic probing were consistent 
with those of PALS, IGC and  129 Xe - NMR. Molecular dynamics (MD) simulations showed 
that the free volume distribution is much more complex than what can be described by a 
simple Gaussian distribution, due to a strongly interconnected three - dimensional void 
structure. Small discrepancies between the individual experimental probing techniques 
can all be traced back to this complex void structure and to the fundamentally different 
physicochemical interactions between the probes and the polymer matrix. For a qualita-
tive description of the difference between the two grades of Hyfl on the Gaussian distribu-
tion is more than satisfactory.   

   4.4    Molecular Dynamics Simulations 

 Molecular dynamics (MD) simulation studies were carried out to get deeper insight into 
the free volume structure and its spatial arrangement in the polymers, and into the correla-
tion between the free volume and the transport properties of the materials. It is of crucial 
importance that MD simulations provide not only local characteristics of the free volume 
such as FVE size and FVE size distribution, but also information on its topology, enabling 
a complete visualization in 3D  [1,27,32] . 

 The construction of a correct model for the polymer structure is the prerequisite for 
obtaining accurate results and it is always the fi rst step in the FV modelling. Nowadays 
several well established simulation methods exist for the preparation of atomistic packing 
models, both for high and for low free volume polymers  [33] . In molecular modelling of 
amorphous polymers, usually a cubic characteristic volume element is fi lled with polymer 
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chain segments with or without small permeant molecules in a way that represents most 
closely the behaviour to be expected in reality. 

 The analysis and visualization of the free volume of a polymeric model can be obtained 
in several ways, e.g. the Monte Carlo method  [34] , geometrical sizing methods  [35]  and 
energetic sizing method using the cavity energetic sizing algorithm (CESA) method  [36] . 
The free volume in the packing models can be described qualitatively but for comparison 
with experimental methods a more quantitative evaluation is necessary. 

 A fi rst evaluation is often made by a direct visualization of the packed polymer chains, 
cut into thin slices. The slice representations give important qualitative differences in the 
amount and distribution of free volume in the polymer. Generally, a homogeneous dis-
tribution of free volume is typical for  ‘ normal ’  amorphous polymers with small and 
medium amounts of free volume  [33] , but polymers with high content of free volume 
such as PTMSP  [32]  and also glassy PFPs like Tefl ons AF  [32]  or Hyfl ons AD  [27] , 
behave differently. These materials contain regions of high segmental packing density 
where the free volume distribution resembles that in low and medium free volume 
polymers. The other regions of the materials show rather large voids that may extend in 
three dimensions to form a partly continuous hole phase. The shape of such free volume 
elements is highly irregular and non - spherical. 

 For the quantitative description of the free volume distributions, different methods have 
been developed, based on energetic  [36]  or geometric considerations  [35] . In the fi rst case 
the cavity size distribution is defi ned using a spherical volume with variable dimensions 
and a well - defi ned centre, located at the minimum in a repulsive particle energy fi eld. In 
the second approach, used in the present work, the free volume is determined overlaying 
a tight three - dimensional grid on the polymer box and inserting a probe at every grid 
point. All grid points showing overlap with the van der Waals radius of the atoms in the 
polymer matrix are classifi ed as occupied. Those without overlap are part of the free 
volume. All neighbouring free grid points are grouped into single elements that represent 
the individual holes. This approach identifi es also cavities that are large and with an 
irregular shape. 

 The results of this free volume analysis are visualized in Figure  4.7  for a representative 
slice of Hyfl on AD80X. Every free grid point is represented by a sphere of radius of 
1.1    Å , corresponding to a positronium - sized test particle. The individual FVEs are repre-
sented by the collection of adjacent and partially overlapping spheres. In this representa-
tion several large FVEs seem to be present but in reality most of them belong to a single 
very large interconnected free volume element which extends over the neighbouring 
slices. Due to the periodic boundary conditions the FVEs which reach one edge of the 
slice continue at the opposite side.   

 For the representation of the complex geometry in a quantitative way different sets of 
shape parameters have been introduced, for instance based on the void surface area, 
equivalent sphere volume, radius of gyration. Each of these methods introduces an over-
simplifi cation of the very complex nature of the voids. For the same reason the photo-
chromic probe method described above shows a much narrower distribution than one 
might expect on the basis of the clearly elongated voids displayed in Figure  4.7 . This is 
a common limit of all experimental probing methods, none of which can probe the 
complex void structure to its full extent.  
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   4.5    Transport Properties 

   4.5.1    Permeation Measurements 

 Vapour permeation experiments were carried out at 25    ° C in a fi xed volume – pressure 
increase instrument constructed by GKSS (Germany) according to the procedure described 
before  [24] . Circular membranes with an effective exposed area of 11.3   cm 2  or 2.14   cm 2  
were used. Depending on the specifi c vapour to be tested, the permeation measurements 
were performed at feed pressures ranging from 35   mbar to almost saturation. The mem-
brane, mounted inside the permeation cell, was thoroughly evacuated for at least 1   h 
before the fi rst measurement in order to remove all absorbed species. Evacuation was 
continued until the baseline drift was signifi cantly below the expected steady state pres-
sure increase rate of the species to be tested. Between two subsequent measurements the 
system was evacuated for a period of at least fi ve times the time lag of the previous species 
in order to guarantee the complete removal of the penetrant from the membrane and from 
the rubber seals. 

 Measurements were carried out in the time lag mode, starting to record the permeate 
pressure as a function of time as soon as the membrane was exposed to the vapour.  

     Figure 4.7     Representative slice of an atomistic packing model of Hyfl on AD80X. The 
polymer chains are represented by the small sticks. The free volume elements are shown 
as the darker continuous regions, represented by a collection of neighbouring and 
overlapping spheres. Slice thickness ca. 5    Å   
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   4.5.2    Data Elaboration: Determination of the Time Lag and Steady 
State Permeability 

 For the gas permeation measurements the diffusion coeffi cient was determined by the 
well - known time lag procedure, based on the penetration theory. If a penetrant - free mem-
brane is exposed to the penetrant at the feed side at  t    =   0 and the penetrant concentration 
is kept very low at the permeate side, then the total amount of penetrant,  Q t  , passing 
through the membrane in time  t  is given by  [37] :
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 in which  c i   is the penetrant concentration at the membrane interface at the feed side,  l  is 
the membrane thickness (in m) and  D  is the diffusion coeffi cient (in m 2    s  – 1 ). 

 For the barometric instrument used in the present work, the permeate volume is con-
stant and permeation results in an increase of the permeate pressure as a function of time, 
which is described by a similar equation:
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 In which  p t   is the permeate pressure (in bar) at time  t  (in s),  p  0  is the starting pressure (in 
bar),  R  is the universal gas constant (8.314    ×    10  − 5    m 3    bar   mol  − 1    K  − 1 ),  T  is the absolute 
temperature (in K),  A  is the exposed membrane area (in m 2 ),  V  P  is the permeate volume 
(in m 3 ),  V is the molar volume of a gas at standard temperature and pressure 
(22.41    ×    10  − 3    m 3  STP    mol  − 1  at 0    ° C and 1   atm),  p  f  is the feed pressure (in bar) and  S  is the 
gas solubility coeffi cient (m 3  STP    m  − 3    bar  − 1 ). The term (d p /d t ) 0  represents the baseline slope 
(in bar   s  − 1 ). Usually this should be negligible, but in the case of very slow permeating 
species it may be necessary to correct for this term. This is also the case if minor cracks 
are formed in these rather brittle perfl uoropolymers under the pressure of the sealing rings 
in the membrane cell, which may give rise to Knudsen - type of diffusion and apparent 
baseline drift. At very long times the exponential term approaches zero and Equation  (4.6)  
reduces to:
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 Thus, at long times a plot of  p t   versus time describes a straight line which, upon extrapo-
lation, intersects the baseline at  t    =    l  2 /6 D , defi ned as the time lag,   Θ   (s)

    Θ = l

D

2

6
    (4.9)   
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Hyflon AD80X, 23.3 μm 
Dichloromethane, p = 238 mbar, activity p/p0 = 0.41 

Hyflon AD80X, 24.9 μm  
Methanol, p = 119 mbar, activity p/p0 = 0.71 
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     Figure 4.8     Permeation curves of dichloromethane and methanol vapour in Hyfl on 
AD80X membranes at 25    ° C. Time lag calculation by the tangent method (top) and by a 
direct least squares fi t of the entire permeation curve according to Eq.  (4.6)  (bottom). The 
thick dark line represents the experimental data; the thin brighter line gives the tangent 
(top) or the least squares fi t. The experimental and fi tted lines superimpose completely in 
the case of DCM, and only one curve can be distinguished, whereas MeOH gives a poor 
fi t. See text for further explanation  

 With this equation the diffusion coeffi cient can be obtained from the time lag if the 
membrane thickness is known. This way to calculate the diffusion coeffi cient will be 
further referred to as the  ‘  tangent method  ’  and the procedure is schematically displayed 
in Figure  4.8 , top section. The permeability follows from the steady state pressure increase 
rate and can be defi ned as:  

    P
V V l

RT A p
dp dt dp dtP m

f

= ⋅ ⋅
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⋅ ( ) − ( )[ ]0     (4.10)   
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 If the simple solution - diffusion model applies, the penetrant solubility can be calculated 
from  P  and  D  from the simple equation:

    P D S= ⋅     (4.11)   

 This procedure thus allows the determination of all three fundamental transport 
parameters,  P ,  D  and  S .  

   4.5.3    Vapour Permeation Measurements 

 In this work preliminary vapour permeation measurements were carried out with two 
different species, the rather bulky dichloromethane (DCM) molecules and the much 
smaller methanol molecules. Two typical permeation curves are displayed in Figure  4.8 . 
The transport parameters, determined on the basis of the tangent method and Equations 
 (4.9) – (4.11) , are listed in Table  4.3 . It contains the parameters defi ned above as well as 
solubility  C  in the membrane in equilibrium with the feed pressure of penetrants.   

 At fi rst sight the behaviour of both vapours is quite similar. Their permeability is of 
the same order of magnitude, with a somewhat higher value for methanol, as expected 
for the smaller molecule in the glassy polymer. The higher methanol permeability is 
indeed mainly due to the faster diffusion of methanol in the PFP matrix, about twice as 
fast as that of DCM. This confi rms the size - sieving character of PFPs, already observed 
for permeation of permanent gases  [24] . On the other hand, the solubility and solubility 
coeffi cient of DCM are higher, especially on a weight basis. At the actual feed pressure, 
for DCM the  C  values and solubility coeffi cient are more than 8 times higher than those 
of methanol, due to a combination of a higher solubility coeffi cient , a higher molar mass 
and a higher vapour pressure. 

 More careful analysis of the permeation curves show that the two vapours actually 
display completely different behaviour. The tangent method can be applied without prob-
lems to the DCM permeation curve, resulting in a time lag of ca. 400   s. In contrast, this 
method shows that methanol has an unusually wide transient period. While the extrapo-

  Table 4.3    Comparison of the transport properties of dichloromethane and methanol 
vapour in Hyfl on AD80X at 25    ° C  a   

   Vapour     DCM     MeOH       

   p        Feed   238    119    mbar  
   p   / p     0      0.41    0.71     –   
   P     3.35    4.85    10  − 8    m 3  STP    m   m  – 2    h  – 1    bar  − 1   
      12.4    17.9    Barrer  
    Θ      409    205    s  
  D    22.1    50.3    10  − 10    cm 2    s  − 1   
  S    42.0    26.7    m 3  STP    m  − 3    bar  − 1   
      160    38.1    10  – 3    g   cm  − 3    bar  − 1   
  C    10.0    3.18    cm 3  STP    cm  − 3  at  p  Feed   
      38.0    4.53    10  − 3    g   cm  − 3  at  p  Feed   

    a    Effective values determined by the tangent method.   
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lated time lag is about 200   s, the onset of permeation is only a few seconds for methanol. 
Surprisingly it then still takes at least 20 minutes to reach steady state permeation, 
about as long as it takes for the much larger DCM molecules to reach steady state 
permeation. 

 The different behaviour between the two vapours is even more evident if we fi t the 
entire experimental curve directly with Equation  (4.6)  after expansion into 10 terms 
( n    =   1, 2, 3,  …  10). The DCM curve yields a nearly perfect fi t (Figure  4.8 , bottom), 
indicating that the DCM transport can be described well by the simple Fickian diffusion 
with a single diffusion constant, independent of time or concentration. In this case the 
values of  D  and  S  are directly obtained from the curve fi t and they agree within an error 
of a few percent with the values in Table  4.3 , obtained by the tangent method. 

 In contrast, the methanol permeation curve cannot be fi tted satisfactorily. Nevertheless, 
if only the fi rst 150   s are considered the fi t is perfect, as shown in Figure  4.9 B. In this 
short time interval we can assume normal Fickian behaviour and the value of  D  is directly 
obtained from the curve fi t. For this case the corresponding time lag would be approx. 
65   s. At longer times the fi t (thin line delimiting area 1 in Figure  4.9 A) underestimates 
the experimental data (thick solid line in Figure  4.9 A). If we then take the difference 
between the fi rst fi t and the experimental curve (grey area 2), the shape is remarkably 
similar to a normal time lag curve (Figure  4.9 C). Indeed, this curve can again be fi tted 
satisfactorily with Equation  (4.6)  without the terms  p  0  and (d p/ d t ) 0  t , which have been 
taken into account in the fi rst step. The resulting time lag of the second step would approx. 
336   s. Still, the sum of the two fi ts (thin line delimiting area 2 in Figure  4.9 A) slightly 
underestimates the experimental curve. The same procedure can be repeated a third time 
(Figure  4.9 D) and again a nearly perfect fi t is obtained. The calculated time lag in the 
third step, approx. 1765   s but since it falls outside the window of the experimental data 
it should be considered with care. The sum of the three individual curves now coincides 
exactly with the experimental data.   

 This type of evaluation of the transient behaviour in the permeation of methanol vapour 
as the sum of three separate permeation curves suggest that methanol vapour transport is 
described by three independent diffusion phenomena. Given the polar character of metha-
nol, the presence of OH groups and the highly hydrophobic character of the polymer, 
in combination with the relatively large free volume elements, it speaks for itself that 
one would hypothesize that the formation of clusters of two, three or more methanol 
molecules, held together by hydrogen bridges between the hydroxyl groups could be 
responsible for the observed anomalies in the transport. It is worthwhile to note that 
evidence of the cluster formation in the process of methanol diffusion was obtained in 
the study of another PFP (AF2400)  [38] . Molecular dynamics (MD) simulation studies 
have revealed that diffusion proceeds via a  ‘ hopping ’  process, in which the penetrant 
molecules move around in a free volume element until their energy is high enough to 
overcome the energy barrier for jumping to the adjacent free volume element  [21,23] . 
The required energy rapidly increases with increasing dimensions of the molecule and as 
a consequence the diffusion coeffi cient of larger molecules decreases, as observed for a 
series of permanent gases with different kinetic diameter  [24] . The same would be 
expected for clusters of more molecules in comparison with the single species. 

 In this light it is too simplistic to assume that the three time lags are related to the 
presence of single, dimeric and trimeric species, each with its own characteristic diffusion 
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     Figure 4.9     Left side: Experimental permeation curve of methanol vapour in the Hyfl on 
AD80X membrane of Figure 8 (thick dark line). The shaded areas and the thin brighter 
lines represent the different steps of the fi tting procedure according to Eq.  (4.6) . Right 
side, B, C, D: experimental data or residual experimental data (noisy dark lines), with the 
corresponding fi t of the individual steps in the three different time intervals (thin brighter 
lines). The sum of the three fi ts coincides perfectly with the experimental data. In most 
cases the fi t is nearly perfect and only one curve can be distinguished. See further 
explanation in the text  
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  Table 4.4    Van der Waals volume and (apparent) diffusion coeffi cient of dichloromethane 
and of hydrogen bonded methanol clusters of different size  a   

   Species     van der Waals volume ( Å ) 3       D (10  − 10    cm 2    s  − 1 )     Method  

  MeOH    37.4    160    Fit with eq. (4.6)  
  (MeOH) 2     71.6    30.7    Fit  
  (MeOH) 3     105.8    5.9    Fit  
  MeOH Average     –     50.3    Tangent  
  CH 2 Cl 2     56.9    22.1    Tangent  

    a    Calculated with the  ‘  Materials Studio  ’  software package, Accelrys, Inc. (San Diego, CA).   

coeffi cient. It is reasonable to assume that the fi rst part of the curve indeed corresponds 
to the diffusion of relatively fast, single methanol molecules which are not delayed by 
interaction with other molecules. The situation is more complex for the rest of the per-
meation curve. Since hydrogen bonds are relatively weak bonds, the formation of clusters 
is a dynamic process of continuous aggregation and dissociation. The clusters may there-
fore diffuse either as a whole or they may fi rst dissociate and then diffuse as single 
molecules. If the average lifetime of a cluster is shorter than the corresponding jump 
frequency of the cluster, then it is more likely that methanol diffuses as the single mol-
ecules. In that case the observed  ‘ slower ’  diffusion constants must be interpreted as a 
temporary  ‘ immobilization ’  of the methanol molecules in larger clusters. The procedure 
described above then becomes a potential method to analyze the average cluster size. 
Further evaluation of this possibility is in progress  [39] .   

   4.6    Correlation of Transport and Free Volume 

 It is known that glassy polymer membranes can have a considerable size - sieving charac-
ter, refl ected mainly in the diffusive term of the transport equation. Many studies have 
therefore attempted to correlate the diffusion coeffi cient and the membrane permeability 
with the size of the penetrant molecules, for instance expressed in terms of the kinetic 
diameter, Lennard - Jones diameter or critical volume  [40] . Since the transport takes place 
through the available free volume in the material, a correlation between the free volume 
fraction and transport properties should also exist. Through the years, authors have pro-
posed different equations to correlate transport and FFV, starting with the historical model 
of Cohen and Turnbull for self diffusion  [41] , later adapted by Fujita for polymer systems 
 [42] . Park and Paul adopted a somewhat simpler form of this equation to correlate the 
permeability coeffi cient with fractional free volume  [43] :

    P A B FFV= ⋅ −( )exp     (4.12)   

 The latter was recently further elaborated by Rowe  et al.  in order to correlate permeability 
directly to o - Ps lifetime from PALS analysis  [44] . Freeman discussed the physical basis 
for the Robeson upper bound, closely related to the fractional free volume and to penetrant 
size ratio  [45] . 

 In the present work the van der Waals volumes were calculated as a measure of the 
penetrant size. The values of the different vapour species are listed in Table  4.4 . The 
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volume of a single methanol molecule is 37.4    Å  3  and that of the dimeric and trimeric 
species are nearly twice and three times larger, 71.6    Å  3  and 105.8    Å  3 , respectively. These 
are all signifi cantly smaller than the average FVE size determined with the photochromic 
probe method. MeOH is a nonsolvent for Hyfl on AD, unable to plasticize or swell the 
polymer. The present results show that even without swelling of the polymer matrix suf-
fi cient space is available to host clusters of two or more molecules. Indeed, methanol has 
a strong preference to form clusters inside these free volume elements, so that the very 
polar hydroxyl groups are directed towards each other and they are shielded by the less 
polar methyl groups, which are oriented towards the hydrophobic perfl uoropolymer 
matrix. Also the dichloromethane molecule, with a van der Waals volume of 56.9    Å  3  is 
signifi cantly smaller than the available free volume elements (Figure  4.6 ). Lacking the 
possibility to form hydrogen bridges, the latter cannot form similar clusters as methanol 
and normal transport behaviour is therefore observed.   

 The solubility coeffi cients of DCM and methanol, calculated by Equation  (4.11)  from 
the permeability and the effective diffusion coeffi cient obtained by the tangent method, 
are 42.0   m 3  STP    m  − 3    bar  − 1  and 26.7   m 3  STP    m  – 3    bar  − 1 , respectively. At the given feed pressures 
of 119   mbar for MeOH and 238   mbar for DCM this corresponds to approximately 
4.5   mg   cm  − 3  for MeOH and 38   mg   cm  − 3  for DCM. Especially for MeOH this corresponds 
to a much lower volume than the total free volume fraction of 23% in the polymer. These 
results confi rm that both in terms of FVE size and in terms of FFV the transport of 
methanol vapour, as single molecules or as clusters, and of DCM vapour, may take place 
through the available free volume without the necessity of swelling.  

   4.7    Conclusions 

 The photochromic probe method was successfully used to analyze the FVE size distribu-
tion in membranes of the glassy amorphous perfl uoropolymer Hyfl on AD. Two grades 
of Hyfon with a slightly different content of the rigid cyclic co - monomer showed a rela-
tively narrow FV size distribution, and the entire distribution of Hyfl on AD80X, with the 
highest cyclic co - monomer content is shifted to somewhat higher volumes compared to 
the AD60X grade. The results of the photochromic probe method, indicating a FVE size 
distribution ranging from ca. 250 – 560    Å  3  in Hyfl on  ®   AD60X and from ca. 280 – 640    Å  3  in 
Hyfl on  ®   AD80X, are in fair agreement with literature data from other experimental tech-
niques like inverse gas chromatography, positron annihilation lifetime spectroscopy, 
 129 Xe - NMR spectroscopy. Molecular dynamics simulations show a combination of single 
small FVEs and large interconnected FVEs, extending in three dimensions. 

 Organic vapour transport reveals fundamental differences between a polar substance 
like methanol and the less polar dichloromethane. An extremely wide transient region for 
methanol vapour permeation may be related to clustering of the alcohol molecules through 
the formation of hydrogen bridges between the hydroxyl groups. This is supported 
by careful analysis of the time lag behaviour, which indicates a spectrum of diffusion 
constants, rather than a single one. 

 Based on their van der Waals volume, even large clusters of at least three methanol 
molecules are still considerably smaller than the FVE size observed experimentally. Their 
presence in the fi lm should therefore not be hindered for sterical reasons. The total con-



Amorphous Glassy Perfl uoropolymer Membranes of Hyfl on AD® 81

centration of the vapours at the feed pressure used, calculated by the tangent method, is 
10.0   cm 3  STP    cm  − 3  (38   mg   cm  − 3 ) for DCM and 3.18   cm 3  STP    cm  – 3  (4.5   mg   cm  - 3 ) for methanol. 
In the condensed (liquid) state this corresponds to a volume far below the available free 
volume of ca. 23%.  
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    5.1    Introduction 

 Instead of adopting a trial - and - error approach to membrane development, it is far more 
effi cient to have a real understanding of the separation phenomena to guide membrane 
design. For example, relationships have been found between experimental separation 
results and pore sizes which have been determined from positron annihilation lifetime 
spectroscopy (PALS)  [1 – 4]  and small angle X - ray scattering  [5 – 7] , and these may be 
used to guide the tailoring of pore sizes to enhance separation performance. Similarly, 
methods such as Monte Carlo, molecular dynamics and other computational techniques 
 [8 – 19]  have improved our understanding of the relationships between membrane charac-
teristics and separation properties. In addition to these inputs, it is also benefi cial to have 
simple models and theories that give an overall insight into separation performance 
 [20 – 33] . Recently, an increased interest can be noted in gas transport in porous (micro -
 porous or nano - porous) membranes, both inorganic and polymeric. In this chapter a brief 
review of the current models and conceptual frameworks of the transport in porous media 
are given. In addition, we present a new approach to describe the diffusion of gas mol-
ecules in small pores as outlined in more detail in ref. 23, which does indeed provide 
some new insight into the gas separation phenomena, and therefore facilitate the optimiza-
tion of material design.  
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   5.2    Background 

 A quantitative measure of gas transport is the fl ux (or permeation rate), which is defi ned 
as the number of molecules that pass through a unit area per unit time  [25] . It is believed 
that this molecular fl ux  J  follows Fick ’ s fi rst law. The fl ux is proportional to the concen-
tration gradient through the membrane, i.e. there is a movement of gas from regions of 
high concentration to regions of low concentration, which may be expressed in the form

    J D
dc

dx
= −     (5.1)  

where  D  is the diffusivity (or diffusion coeffi cient),  c ( x ) is the concentration and  x  is the 
position across the membrane. By assuming a linear concentration gradient across the 
membrane, the fl ux can be approximated as

    J D
C C

L
= −2 1     (5.2)  

where  C  1    =    c (0) and  C  2    =    c ( L ) are the downstream and upstream concentrations (corre-
sponding to the pressures  p  1  and  p  2  via sorption isotherm  c ( p )), respectively, and  L  is the 
membrane thickness, as labelled in Figure  5.1 .   

 The membrane performance of various materials is commonly compared using the 
thickness - independent material property, namely the permeability  P , which is related to 
the fl ux  J  in the following way

    P
J L

p p

C C

p p
D=

−
= −

−
⎛
⎝⎜

⎞
⎠⎟2 1

2 1

2 1

    (5.3)   

 In the case where the upstream pressure is much greater than the downstream pressure 
( p  2     >>     p  1  and  C  2     >>     C  1 ) the permeability can be simplifi ed to give

C2

C1

Upstream Downstream Membrane 

L

p2 p1

     Figure 5.1     Gas separation membrane with a constant concentration gradient across 
membrane thickness  L   



Modelling Gas Separation in Porous Membranes  87

    P
C

p
D= 2

2

    (5.4)   

 By introducing a solubility coeffi cient  S , that is, the ratio of concentration over pressure 
 C  2 / p  2 , when sorption isotherm can be represented by the Henry ’ s law, the permeability 
coeffi cient may be expressed simply as

    P S D=     (5.5)   

 This form is useful as it facilitates the understanding of this physical property by repre-
senting it in terms of two components: 

   •      solubility,  S , which is an equilibrium component describing the concentration of gas 
molecules within the membrane, that is the driving force, and  

   •      diffusivity,  D , which is a dynamic component describing the mobility of the gas mol-
ecules within the membrane.    

 The separation of a mixture of molecules A and B is characterized by the selectivity 
or ideal separation factor   α   A/B    =    P (A)/ P (B), i.e. the ratio of permeability of the molecule 
A over the permeability of the molecule B. According to Equation  (5.5) , it is possible to 
make separations by diffusivity selectivity  D (A)/ D (B) or solubility selectivity  S (A)/ S (B) 
 [25,26] . This formalism is known in membrane science as the solution - diffusion mecha-
nism. Since the limiting stage of the mass transfer is overcoming of the diffusion energy 
barrier, this mechanism implies the activated diffusion. Because of this, the temperature 
dependences of the diffusion coeffi cients and permeability coeffi cients are described by 
the Arrhenius equations. 

 Gas molecules that encounter geometric constrictions experience an energy barrier such 
that suffi cient kinetic energy of the diffusing molecule, or the groups that form this barrier, 
in the membrane is required in order to overcome the barrier and make a successful dif-
fusive jump. The common form of the Arrhenius dependence for the diffusion coeffi cient 
can be expressed as

    D D E RTA A a= −( )* exp Δ     (5.6)   

 For the solubility coeffi cient the van ’ t Hoff equation holds

    S S H RTA A a= −( )* exp Δ     (5.7)  

where  Δ  H  a     <    0 is the enthalpy of sorption. 
 Bearing in mind Equation  (5.5) 

    P P E RTA A P= −( )* exp Δ     (5.8)  

where  Δ  E  p    =    Δ  E  a    +    Δ  H  a  
 Gases are known to diffuse within non - porous or porous membranes according 

to various transport mechanisms  [20,25,32,34] . Table  5.1  illustrates the mechanism of 
transport depending on the size of pores. For very narrow pores, size sieving mechanism 
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is realized that can be considered as a case of activated diffusion. This mechanism of 
diffusion is most common in the case of extensively studied non - porous polymeric mem-
branes. For wider pores, the surface diffusion (also an activated diffusion process) and 
the Knudsen diffusion are observed.    

   5.3    Surface Diffusion 

 Surface diffusion is the diffusion mechanism which dominates in the pore size region 
between activation diffusion and Knudsen diffusion  [29,30,34,35] . A model that well 
described the surface diffusion on the pore walls was proposed many years ago  [36] . It 
was shown to be consistent with gas and vapour transport parameters in porous polymeric 
membranes (nucleopore). When the pore size decreased below a certain level, which 
depends on both membrane material and the permeating gas, the gas permeability coef-
fi cient exceeds the value for free molecular fl ow (Knudsen diffusion), especially in the 
case of organic vapours. Note that surface diffusion usually occurs simultaneously with 
Knudsen diffusion but it is the dominant mechanism within a certain pore size region 
discussed later in this chapter. Since surface diffusion is also a form of activated diffusion, 
the energy barrier  Δ  E  S  is the energy required for the molecule to jump from one adsorp-
tion site to another across the surface of the pore. By allowing the energy barrier to be 

  Table 5.1    Transport mechanisms 

   Mechanism     Schematic     Process  

   Activated diffusion   

      

  constriction energy barrier 
 

ΔEa

    

   Surface diffusion   

      

  adsorption - site energy barrier 
 

ΔEs

    

   Knudsen diffusion   

      

  Direction and velocity 
 

d u

    



Modelling Gas Separation in Porous Membranes  89

proportionate to the enthalpy of adsorption, Gilliland  et al.   [35]  established an equation 
for the surface diffusion coeffi cient expressed here as

    D D
aq

RT
S S= −⎛

⎝
⎞
⎠

* exp     (5.9)  

where   DS* is a pre - exponential factor depending on the frequency of vibration of the 
adsorbed molecule normal to the surface and the distance from one adsorption site to the 
next. The quantity  q  ( > 0) is the heat of adsorption and  a  is a proportionality constant 
(0    <     a     <    1) such that  aq  is the energy barrier which separates the adjacent adsorption 
sites. An important observation is that more strongly adsorbed molecules are less mobile 
than weakly adsorbed molecules  [30] . 

 In the case of surface diffusion, the gas concentration is well described by Henry ’ s law 
 c    =    Kp , where  K  is the temperature dependent Henry ’ s law coeffi cient  K    =    K  0 exp( q / RT ), 
where  K  0  is a proportionality constant  [29,30] . Since solubility is the ratio of the 
equilibrium concentration over pressure, the solubility is equivalent to the Henry ’ s law 
coeffi cient,

    S K
q

RT
s = ⎛

⎝
⎞
⎠0 exp     (5.10)   

 which implies that solubility is a decreasing function of temperature. 
 The product of diffusivity and solubility gives

    P P
a q

RT
s S= −( )⎛

⎝
⎞
⎠

* exp
1

    (5.11)  

where   PS* is a constant and since 0    <     a     <    1 the total permeability will decrease with 
increased temperature meaning that any increase in the diffusivity is counteracted by a 
decrease in surface concentration  [30] .  

   5.4    Knudsen Diffusion 

 Knudsen diffusion  [20,30,32,37 – 40]  depending on gas pressure and mean free path in the 
gas phase applies to pores between 10    Å  and 500    Å  in size; however, there are examples 
in the literature where it was observed for much larger pores  [41] . In this region, the mean 
free path of molecules in gas phase   λ   is much larger than the pore diameter  d . It is common 
to use the so - called Knudsen number  K  n    =     λ  / d  to characterize the regime of permeation 
through pores. When  K  n     <<    1, viscous (Poiseuille) fl ow is realized. The condition for 
Knudsen diffusion is  K  n     >>    1. An intermediate regime is realized when  K  n     ≈    1. 

 The Knudsen diffusion coeffi cient can be expressed in the following form

    D
d

uK =
3τ

    (5.12)  
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where   τ   is the pore tortuosity and  ū   is the average molecular speed. This expression shows 
that the separation outcome should depend on the differences in molecular speed (or 
molecular mass). The average molecular speed  ū   is calculated using the Maxwell speed 
distribution,

    u
RT

m
= 8

π
    (5.13)  

where  m  is the molecular mass and hence the diffusion coeffi cient can be presented as

    D d RT mK
1 23= ( )( )τ π8     (5.14)   

 For the fl ux in the Knudsen regime the following equation holds  [42,43] :

    J n d pD RTL= π 2 4Δ K     (5.15)  

where  n  is the surface concentration of the pores with diameter  d ,  Δ  p  is the pressure drop 
across the membrane and  L  is the membrane thickness. After substituting Equation  (5.14)  
into Equation  (5.15) , one has the following expressions for the fl ux  J  and permeability 
coeffi cient  P :

    J n d p L mRT= ( )( )π τ1 2 3 1 26 2Δ     (5.16)  

    P n d mRT= ( )( )π τ1 2 3 1 26 2     (5.17)   

 Two important conclusions can be made from analysis of Equations  (5.16)  and  (5.17) . 
First, selectivity of separation in Knudsen regime is characterized by the ratio 
  α   ij    =   ( M  j / M  i ) 1/2 . It means that membranes where Knudsen diffusion predominates are 
poorly selective. For example, separation factor of separation of O 2 /N 2  pair is 1.07. The 
highest gas separation selectivity can be observed in separation of lightest and heaviest 
gases, e.g. hydrogen and butane: in this case   α     =   5.4. Another unusual feature of Knudsen 
diffusion is that increases in temperature result in slight decreases of the fl ux and perme-
ability coeffi cient, as  J  and  P  depend on temperature as  T  1/2 . Numerous confi rmation of 
this dependence can be found in the literature.  

   5.5    Membranes: Porous Structures? 

 The available range of membrane materials includes polymeric, carbon, silica, zeolite and 
other ceramics, as well as composites. Each type of membrane can have a different porous 
structure, as illustrated in Figure  5.2 . Membranes can be thought of as having a fi xed 
(immovable) network of pores in which the gas molecule travels, with the exception of 
most polymeric membranes  [28,44] . Polymeric membranes are composed of an amor-
phous mix of polymer chains whose interactions involve mostly van der Waals forces. 
However, some polymers reveal a behaviour that is consistent with the idea of existence 
of opened pores within their matrix. This is especially true for high free volume, high 
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permeability polymers like poly(trimethylsilylpropyne), as has been proved by computer 
modelling, low activation energy of diffusion, negative activation energy of permeation, 
solubility controlled permeation in this and similar polyacetylenes  [10,25]  (see also 
Chapters  2  and  3  of this book). Although polymeric membranes have often been viewed 
as non - porous, in the modelling framework discussed here it is convenient to consider 
them nonetheless as porous. Glassy polymers have pores that can be considered as 
 ‘ frozen ’  over short times scales, as demonstrated in Figure  5.3 a, while rubbery polymers 
have dynamic fl uctuating pores (or more correctly free volume elements) that move, 
shrink, expand and disappear, as illustrated in Figure  5.3 b  [14] .    

   5.6    Transition State Theory (TST) 

 The diffusion of molecules within porous networks similar to that of microporous silica 
and non - porous glassy polymers can be modelled within the framework of the so - called 
transition state theory  [17,22,28,33,45] . A gas molecule bounces around in a reactant 
cavity eventually bouncing towards the transition state by which it transports through to 
the product cavity and therefore successfully makes a diffusive jump, as demonstrated in 
Figure  5.4 a. Within glassy polymers, see Figure  5.4 b, the transition state is a dynamical 
section that becomes available through polymer chain motions. Within microporous 
silica, see Figure  5.4 c, the transition state is a permanent pathway for the transport of the 
gas molecule. The transition state theory offers a method to express the rate of diffusion 
 D  (or diffusivity) within these porous networks in the following way:  

Microporous glass

Carbon nanotubes

Zeolite

Carbon layers Polymer 

Silica

     Figure 5.2   Porous structure within various types of membranes  [3,22,37] . Microporous 
glass fi gure from  [22] , reprinted with permission of John Wiley & Sons, Inc. Silica fi gure from 
 [3] , reprinted with permission of Wiley - VCH Verlag GmbH & Co. KGaA. Carbon nanotubes 
fi gure reprinted with permission from Science, Aligned multiwalled carbon nanotube 
membranes, by B. J. Hinds, N. Chopra, T. Rantell, R. Andrews, V. Gavalas and L. G. Bachas, 
303, 62 – 65. Copyright (2004) American Association for the Advancement of Science.  
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D = the probability that the molecule will travel towards a ttransition
the probability that the molecule will pas

gρ( )
× ss through the transition

the velocity of the molecule
Eρ( )

×   through the transition
the jump length from the react

u( )
× aant cavity to the product cavity .λ( )   

 This formula

   D u= ρ ρ λg E   

 provides some insight into the major factors contributing to the separation of particular 
molecules. If the transition state has the form of a narrow constriction then the smaller 
molecules are more likely to pass through and therefore have a higher rate of diffusion 
than their larger counterparts. On the other hand, if the transition state is wide enough for 
both molecules to freely pass through, then the velocity at which they travel may be the 

a) Glassy polymer

b) Rubbery polymer

     Figure 5.3     Computer simulations performed by Greenfi eld and Theodorou  [14]  for free 
volume clusters before and after 10 7  Monte Carlo steps within (a) glassy polymer and 
(b) rubbery polymer. Reprinted with permission from Macromolecules, Geometric analysis 
of diffusion pathways in glassy and melt atactic polypropylene by M. L. Greenfi eld and 
D. N. Theodorou, 26, 5461 – 5472. Copyright (1993) American Chemical Society  
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dominant factor in determining the rate of diffusion. Further, within glassy polymers the 
rate of diffusion could be dominated by the rate of polymer chain movements in the walls 
of free volume elements or closed pores which occasionally provide a transition pathway 
for the molecules.  

product
cavity 

jump length (λ)

jump length λ

dn

dp

reactant
cavity

(a)

(b)

(c)

neck
(transition state) 

hole size 

     Figure 5.4     Transition State Theory for diffusion in condensed media. (a) General 
representation of the transition state theory. (b) Diffusive jump in glassy polymer  [17] . 
Reprinted from Journal of Membrane Science,  73 , E. Smit, M. H. V. Mulder, C. A. Smolders, 
H. Karrenbeld, J. van Eerden and D. Feil, Modelling of the diffusion of carbon dioxide in 
polyimide matrices by computer simulation, 247 – 257, Copyright (1992), with permission 
from Elsevier. (c) Diffusive jump in microporous silica, reprinted with permission from 
AIChE, Theory of gas diffusion and permeation in inorganic molecular - sieve membranes by 
A. B. Shelekhin, A. G. Dixon and Y. H. Ma, 41, 58 – 67, Copyright (1995) AIChE  
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   5.7    Transport Models for Ordered Pore Networks 

 Membranes with ordered structures such as zeolites or nanotubes have considerable 
potential as gas separation membranes  [46 – 48] . In addition to having thermal and chemi-
cal stability, the porosity of these structures is ordered, and therefore there is usually more 
control over the separation properties. The pores within these structures are such that gas 
transport can not be completely explained by the transition state theory. This is because, 
in nanotubes for example, there is only one transition, from outside of the tube to inside 
of the tube. Two alternative models are outlined here, the parallel transport model and 
the resistance in series transport model, which are illustrated in Figure  5.5 , and they are 
explained in detail by the work of Gilron and Soffer  [27] .   

   5.7.1    Parallel Transport Model 

 The parallel transport model considers the total fl ux as the contribution from the molecules 
travelling via surface diffusion and from the molecules travelling via Knudsen diffusion 
 [27,36,49,50] . This model does not consider transition stages and is applicable to pores 
that remain roughly the same size throughout the entire membrane such as nanotube - based 
membranes. Gilron and Soffer  [27]  presented the following expression,

    P P Ptot S K= +     (5.18)  

where  P  S  is the surface diffusion permeability and  P  K  is the Knudsen diffusion permeabil-
ity as defi ned earlier.  

dp

dp2dp1

(a)

(b)

ql

ql

(1–x)ql xql

     Figure 5.5     Schematic models for (a) parallel transport and (b) resistance in series 
transport  [27] . Reprinted from Journal of Membrane Science,  209 , J. Gilron and A. Soffer, 
Knudsen diffusion in microporous carbon membranes with molecular sieving character, 
339 – 352, Copyright (2002), with permission from Elsevier  
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   5.7.2    Resistance in Series Transport Model 

 Resistance model for transport in composite hollow fi bre membranes based on polysul-
fone with siloxane coating has been described in a classical work by Henis and Tripody 
 [51] . The resistance in series model assumes that the gas molecules encounter constric-
tions at certain positions throughout the pore which control the rate of diffusion  [20,27,33] . 
For this scenario the total permeability is inversely related to the total resistance, thus

    R
l

P

x l

P

x l

P
tot

tot

K

K

K

A

= = + −( )τ τ1
    (5.19)  

where  x  K  is the fraction of the total pore length  l  with pore size  d  p2  in which Knudsen 
diffusion dominates while (1  –   x  K ) is the fraction of the total pore length  l  with pore size 
 d  p1  in which activated diffusion dominates and   τ   is the pore tortuosity (see Figure  5.5 b). 
The total permeability simplifi es to give

    P
P P

x P x P
tot

A K

K A K K

=
+ −( )( )τ 1

    (5.20)  

where  P  A  is the activation diffusion permeability and  P  K  is the Knudsen diffusion perme-
ability as defi ned earlier.   

   5.8    Pore Size, Shape and Composition 

 To understand gas transport phenomenon it is critical to consider the interactions between 
the gas molecules and the pore wall. The van der Waals interactions between particles 
are explained well by the Lennard - Jones function containing two parameters, the kinetic 
diameter   σ   (the distance where the potential energy between the particles is zero) and the 
well depth  ε  (the deepest potential minimum between the particles). These parameters 
were used, e.g. by Freeman  [52] , to establish a theoretical basis for the relationship 
between selectivity and permeability for a range of polymers and gases (so - called fi rst 
upper bound empirically determined by Robeson in 1991  [53] ; see also more recent paper 
by Robeson  [54] ). The rate of diffusion of a gas is dependent on its kinetic diameter while 
its solubility mainly depends on the condensability of the gas and consequently on the 
well depth for gas - gas interactions. 

 Gas – pore wall interactions have been considered to identify different pore size regimes 
for gas adsorption by Everett and Powl  [31]  and later modifi ed to determine gas separa-
tion scenarios by de Lange  et al.   [30] . Figure  5.6  shows the potential energy within slit -
 shaped pores. A deep single minimum occurs within small pores and the shallower double 
minimum occurs in larger pores, as calculated by Everett and Powl  [31] . This potential 
energy can be thought of as the adsorption energy which is enhanced at an optimal pore 
size, indicated by the peaks in Figure  5.7  for cylindrical and slit - shaped pores. Everett 
and Powl  [31]  used these calculations in order to further understand adsorption of the 
noble gases within microporous carbons. One of the key points outlined in Everett and 
Powl ’ s work is that the separation outcomes may be predicted by comparing the potential 
energy curves of the particular gases.   
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     Figure 5.7     Scaled potential energy minima   ε ε=* */ 1  within cylindrical and slit - shaped pores 
with varying radius  R  and slit size 2 d , respectively, where   ε=* is the minimum potential 
within the pore and   ε1* is the minimum potential with a single fl at surface. Curves that go 
below the horizontal axis are the scaled potentials within the centre of the pore   ε ε0 1( ) / * 
where the potential in the centre  ε (0) becomes less than the minimum potential with a 
single fl at surface   ε1*, i.e.   ε ε0 11( ) </ * , within larger pores.  Reprinted with permission from 
Journal of the Chemical Society; Faraday Transactions 1, Adsorption in slit - like and 
cylindrical micropores in the Henry ’ s law region. A model for the microporosity of carbons 
by D. H. Everett and J. C. Powl, 72, 619 – 636, Copyright (1976) Royal Society of Chemistry   
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     Figure 5.6     Potential energy   ε  =  ( z ) between two parallel planes (10:4) and two 
parallel slabs (9:3) at a distance apart of 2 d  for (a)  d / r  0    =   1.60, (b)  d / r  0    =   1.14 and 
(c)  d / r  0    =   1.00, normalized by the energy minimum   ε1* located at a distance of  r  0  from a 
single slab . Reprinted with permission from Journal of the Chemical Society; Faraday 
Transactions 1, Adsorption in slit - like and cylindrical micropores in the Henry ’ s law region. 
A model for the microporosity of carbons, by D. H. Everett and J. C. Powl, 72, 619 – 636, 
Copyright (1976) Royal Society of Chemistry   
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     Figure 5.8     Separation regimes determined by the potential energies within pores of 
different sizes. Potential energy   εA z= ( ) for molecule A within cylindrical pores with radius  R , 
scaled by the potential minimum   εA1*  for molecule A with a single free surface and the 
Lennard - Jones kinetic diameter parameter   σ   A   [30] . Reprinted from Journal of Membrane 
Science,  104 , R. S. A. de Lange, K. Keizer and A. J. Burggraaf, Analysis and theory of gas 
transport in microporous sol - gel derived ceramic membranes, 81 – 100, Copyright (1995), 
with permission from Elsevier  

 de Lange  et al.   [30]  later extended the work of Everett and Powl  [31]  by relating 
transport mechanisms to potential energy calculations. Figure  5.8  demonstrates the sepa-
ration scenarios within cylindrical shaped pores. Situation  ‘ a ’  is where molecule A is 
accepted within the pore while larger molecule B is rejected by the repulsive forces 
experienced. This refers to true molecular sieving or size - sieving. Situations  ‘ b1 ’  and  ‘ b2 ’  
are where both molecules are accepted within the pore but molecule A has a much deeper 
potential than molecule B. Since the pore is cylindrical, molecules may not pass each 
other and therefore the rate of diffusion is governed by the slowest component. Situations 
 ‘ c1 ’  and  ‘ c2 ’  are where molecules may pass each other and the potential energy becomes 
weaker having less infl uence on transport. In Ref. 30 these scenarios are combined with 
an extensive model that incorporates different stages of transport through the membrane 
and existing transport equations.   

 The extensive model considers the total fl ux as the sum of contributions of the fl ux at 
different stages, indicated schematically in Figure  5.9  and composed of the following. 

  1     Adsorption onto surface and fl ux from position   θ   0,surf  to   θ   0  at the pore entrance via 
surface diffusion (f2.J).  

  2     Adsorption directly at the pore entrance at position   θ   0  (f1.J).  
  3     Flux directly to pore entrance with no adsorption taking place (F1.J).  
  4     Entrance of adsorbed molecules at position   θ   0  to position   θ   1  within the pore (F2.J).  
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  5     Micropore diffusion through the pores (J).  
  6     Desorption of the molecules from within the pore to the external surface or directly to 

the gas phase.  
  7     Desorption from the external surface to the gas phase.       

   5.9    The New Model 

 Recent work has combined existing transport theories to develop a model through which 
separation performance may be predicted as a function of pore size, shape and composi-
tion, and temperature  [23] . As a molecule approaches a pore opening each atom in the 
gas molecule will interact with every atom making up the pore wall through van der Waals 
forces. The difference between the potential energy within the pore  E  in  and outside the 
pore  E  out  is useful for determining the dominant transport mechanism as well as the neces-
sary driving force – energy barrier component. By assuming that the pore is cylindrically 
shaped the potential energy difference  W    =    E  out   –   E  in  can be expressed as

    W E
d d

cyl out= − −⎛
⎝⎜

⎞
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48 422
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6επ η σ σ     (5.21)  

where   ε ε ε= g s  is the well depth and   σ     =   (  σ  g     +     σ  s  )/2 is the kinetic diameter that deter-
mines the forces between the gas molecule  g  and the pore surface atoms  s , which is 
defi ned using the Lorentz – Berthelot mixing rules. The pore size  d  is defi ned here as the 
distance between the surface nuclei while characterization methods such as PALS use a 
pore size  d  *    which considers the electron cloud thickness   δ d  surrounding the surface atoms 
such that,  d    =    d  *      +     δ d , where   δ d    =   3.32    Å   [55,56] . Similarly, by assuming a slit - shaped 
pore the potential difference can be expressed as
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     Figure 5.9     Schematic model of the total fl ux components through microporous 
membranes  [30] . Reprinted from Journal of Membrane Science,  104 , R. S. A. de Lange, K. 
Keizer and A. J. Burggraaf, Analysis and theory of gas transport in microporous sol - gel 
derived ceramic membranes, 81 – 100, Copyright (1995), with permission from Elsevier  
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 The parameters utilized for this approach are from Breck  [57]  for the gases He, H 2 , CO 2 , 
O 2 , N 2  and CH 4 , Poling  [58]  for the gases CO, Ar, C 2 H 6 , n - C 5 H 12  and SF 6 , and the universal 
force fi eld (UFF) values  [59]  are used for the surface atoms, as summarized in Table  5.2 . 
This potential difference has been termed the suction energy since a positive  W  translates 
to a suction force of the molecule from the outside to the inside of the pore, while a nega-
tive  W  translates to a repulsive force directing the molecule away from the pore  [23] . 
From this, a new transport mechanism is proposed in  [23]  as  ‘ suction diffusion ’ , where 
enhanced velocities are predicted as the gas molecules are sucked into the pore.   

 In Figure  5.10  an example of  W  is demonstrated for a single oxygen molecule entering 
a carbon cylindrical pore from outside where the potential energy is zero, i.e.  E  out    =   0. 
This single curve can be used to distinguish the pore size regions for which each transport 
mechanism dominates. Additionally,  W  can be used to estimate the energy barrier for 
activated diffusion  Δ  E  a  (=   | W |) and the energy barrier for surface diffusion  Δ  E  S  (=    aq    =    aW ). 
The critical pore sizes  d  min  and  d  K  distinguish between the regions where three different 
diffusion mechanisms dominate the transport, namely, activated diffusion ( W     <    0), surface 
diffusion (0    <     W     <     RT ) and Knudsen diffusion ( W     >     RT ).   

   5.9.1    Enhanced Separation by Tailoring Pore Size 

 The three most common diffusion mechanisms known as activated diffusion, surface 
diffusion and Knudsen diffusion, usually dominate in small pores ( d  *       <    3    Å ), medium 
pores (3    Å     <     d  *       <    10    Å ) and large pores (10    Å     <     d  *       <    500    Å ) for light gases, respectively. 
Separation by differences in diffusivity and/or differences in solubility can be enhanced 

  Table 5.2    Lennard - Jones constants, molecular masses and average velocities at room 
temperature used throughout this chapter  [57 – 59]  

   Gas / Pore atoms       σ   ( Å )      ε  /  k  B  (K)      m  (g/mol)       v̄  (m/s)  

  from UFF  [59]                   
  C    3.43    53    12.01     –   
  H    2.57    22    1.01     –   
  O    3.12    30    16.00     –   
  N    3.26    35    14.01     –   
  Si    3.83    202    28.09     –   
  from Breck  [57]                   
  He    2.60    10    4.00    1277  
  H 2     2.89    60    2.02    1800  
  CO 2     3.30    195    44.01    385  
  O 2     3.46    107    32.00    452  
  N 2     3.64    71    28.01    483  
  CH 4     3.87    149    16.04    638  
  from Poling  [58]                   
  CO    3.69    92    25.01    476  
  Ar    3.54    93    39.95    399  
  n - C 5 H 12     5.78    341    72.15    297  
  C 2 H 6     4.44    216    30.07    455  
  SF 6     5.13    222    146.06    209  
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by tailoring the pore size such that the differences are maximized. The greatest separations 
are usually achieved when the competing gases are in different modes of transport. Thus 
it is important to know the critical pore sizes that distinguish the different diffusion 
mechanisms for each gas. 

 The critical pore sizes are summarized in Table  5.3  for the light gases He, H 2 , O 2 , N 2  
CO 2 , and CH 4 , entering carbon and silica pores of cylindrical and slit shape. Additionally, 
Table  5.3  includes the results for carbon monoxide (a key component of synthesis gas), 
argon (an inert gas frequently used in industrial processes), ethane and n - pentane (hydro-
carbons present in fossil fuels), and sulfur hexafl uoride (the most potent greenhouse gas 
according to the Intergovernmental Panel on Climate Change  [60] ; in permeation studies 
SF 6  is often considered as a penetrant with an unusually large size). The results can be 
used as a guide for pore size design of a membrane according to the desired gas separa-
tion application. For example, if the application was natural gas purifi cation (separation 
of CO 2  from CH 4 ) then the pore size range that allows CO 2  through while rejecting CH 4  
can be found from Table  5.3  (carbon tube: 2.95 – 3.49    Å ; silica tube: 3.17 – 3.69    Å ; carbon 
slit: 2.46 – 2.95    Å ; silica slit: 2.65 – 3.13    Å ). Further, by using the transport equations (out-
lined earlier) it is possible to determine the pore size necessary to achieve a desired 
permeability and selectivity at the specifi ed operating temperature, demonstrated later in 
this chapter.   

 The fi rst observation to be made from the results in Table  5.3  is that the minimum pore 
sizes for barrier - free transport  d  min  of each gas are in the same order as the kinetic diameter 
with slightly different values because the model takes into account the interaction with 
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     Figure 5.10     Potential energy difference ( W ) for a single oxygen molecule at the entrance 
of a carbon cylindrical pore of diameter  d . The pore regions where the diffusion 
mechanisms (activated diffusion, surface, and Knudsen fl ow) dominate are separated by 
the critical pore sizes  d  min  (where  W    =   0) and  d  K  (where  W    =   0.04   eV), indicated by 
dashed lines  
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the pore wall and not kinetic size only. This means that the model is a more accurate 
method for predicting whether a gas molecule will experience an energy barrier or not, 
consequently predicting the mode of transport. Another important observation is that the 
model predicts that Knudsen diffusion occurs in different pore size regions for each gas. 
For example, within a 12    Å  sized pore, the model predicts that helium and hydrogen will 
be in Knudsen fl ow while all the other light gases will not. Excellent agreement between 
experimental separation results and the model predictions is found  [23] .  

   5.9.2    Determining Diffusion Regime from Experimental Flux 

 A widely used experimental approach that involves the determination of the mode of 
transport is performed by fi tting permeation data to the Arrhenius equation for the fl ux 

  Table 5.3    Minimum pore size for barrier - free transport ( d  min ) and minimum pore size for 
Knudsen diffusion ( d  K ) at room temperature (298   K). All pore sizes are given as the PALS 
pore size  d  *    

   (A) Cylindrical pore  

       Gas     Carbon     Silica  

    d  min  ( Å )      d  K  ( Å )      d  min  ( Å )      d  K  ( Å )  

  He    2.30    5.69    2.53    6.37  
  H 2     2.57    8.92    2.79    9.79  
  CO 2     2.95    12.30    3.17    13.35  
  O 2     3.10    11.68    3.31    12.68  
  N 2     3.27    11.49    3.48    12.46  
  CH 4     3.49    13.74    3.69    14.84  
  CO    3.32    12.14    3.52    13.16  
  Ar    3.18    11.68    3.39    12.67  
  n - C 5 H 12     5.27    23.51    5.45    25.04  
  C 2 H 6     4.02    16.69    4.21    17.93  
  SF 6     4.66    19.46    4.85    20.81  

   (B) Slit - shaped pore  

       Gas     Carbon     Silica  

    d  min  ( Å )      d  K  ( Å )      d  min  ( Å )      d  K  ( Å )  

  He    1.86    2.19    2.06    4.35  
  H 2     2.10    6.52    2.31    7.22  
  CO 2     2.46    9.27    2.65    10.12  
  O 2     2.59    8.76    2.79    9.58  
  N 2     2.75    8.60    2.94    9.39  
  CH 4     2.95    10.43    3.13    11.32  
  CO    2.79    9.14    2.98    10.00  
  Ar    2.66    8.76    2.86    9.56  
  n - C 5 H 12     4.59    18.33    4.75    19.57  
  C 2 H 6     3.44    12.82    3.62    13.82  
  SF 6     4.03    15.06    4.20    16.15  
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or permeance  J    =    J  0 exp( –  Δ  E / RT ). As the fl ux  J  and permeability coeffi cient  P  are related 
as  J    =    P  Δ  p / L , where   Δ p  is the pressure gradient and  L  is the membrane thickness, the 
above permeability expressions in the previous section provide the decision criteria. If 
 Δ  E  is positive then the dominant transport mechanism is size - sieving activated diffusion 
with  Δ  E  representing the energy barrier | W|  for  d  *       <     d  min . If  Δ  E  is negative then the 
dominant transport mechanism is surface diffusion with  Δ  E  representing the weighted 
contribution of adsorption energy (or potential energy difference) for the energy barrier 
and surface concentration ( a   –  1) W . If  Δ  E  is zero, i.e. no change in permeability with 
varying temperature, then either the size - sieving energy barrier and the enthalpy of 
adsorption are equal to zero ( W    =   0) or the surface diffusion energy barrier and the heat 
of adsorption are both equal ( a    =   1). If the Arrhenius equation does not fi t the data then 
the mode of transport could be Knudsen fl ow, or a combination of all mechanisms since 
the dominant mode of transport can change as the temperature is varied. The above criteria 
will be a useful tool in understanding the mode of transport for each gas in a range of 
porous membrane materials.  

   5.9.3    Predictions of Gas Separation 

 In this section predictions are made using the model to demonstrate the different transport 
behaviours with varying pore size and temperature. Figure  5.11  predicts the permeability 
 P  as a function of pore size  d  for the different transport mechanisms, described earlier, 
with Equation  (5.21)  as the defi nition for  W . For activated diffusion  Δ  E  a    =   | W | and for 
surface diffusion  Δ  E  S    =    aq    =    aW . The results represent the permeability within a single 
pore. In reality there will be a distribution of pore sizes, and therefore the transition 
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     Figure 5.11     Model prediction of normalized permeability  P  as a function of pore size 
(distance between surface nuclei,  d ). Modes of transport are indicated  
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between activated diffusion and the other modes of transport will usually be smooth. Each 
mode of transport is scaled arbitrarily such that the trends may be clearly seen and there-
fore the magnitude is insignifi cant. The permeability for activated diffusion is a sharply 
increasing function of pore size as the energy barrier changes dramatically with pore size.   

 As explained earlier, the permeability for surface diffusion is dominated by the surface 
concentration and therefore the model predicts a peak at which the heat of adsorption is 
maximized. The permeability for Knudsen diffusion increases as a cubic function of pore 
size (see Equations  5.16  and  5.17 ) since the diffusivity depends linearly on the pore size 
 d  and the concentration depends on the volume of the pore  d  2  (assuming cylindrical pores). 
The parallel transport model assumes that surface diffusion and Knudsen diffusion are 
occurring simultaneously such that the total permeability is given by Equation  (5.18) . 
This model is explained in further detail earlier in this chapter and has been used by 
various groups  [27,49,50] . Parallel transport is initially dominated by surface diffusion 
within the smaller pores where the surface concentration is high while the mode of 
Knudsen diffusion dominates within the larger pores. 

 Permeability varies with temperature for each transport mechanism as demonstrated in 
Figure  5.12 . The permeability for activation diffusion is the only increasing function with 
respect to increasing temperature. When gases are in the mode of surface diffusion, the 
surface concentration decreases more than the increase in surface mobility, resulting 
in an overall decrease in permeability with increasing temperature. Knudsen diffusion 
displays decreasing permeability with increasing temperature as the concentration loss 
dominates the increase in diffusivity. As temperature increases, the surface diffusion part 
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     Figure 5.12     Model prediction of permeability as a function of temperature. Modes of 
transport are indicated for the following pore sizes: activated diffusion ( d    =   6.8    Å ), surface 
diffusion ( d    =   10    Å ), Knudsen diffusion ( d    =   10    Å ), parallel transport ( d    =   10    Å ), and 
resistance in series transport ( d  small    =   6.8    Å ,  d  large    =   10    Å ,  x  K    =   0.8)  
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of the parallel transport model has less infl uence causing the permeability to tend towards 
a Knudsen - type transport at high temperatures. The resistance in series transport model, 
detailed earlier in this chapter, assumes that the diffusing molecules travel through pores 
in the mode of Knudsen diffusion while occasionally encountering constrictions where 
activation diffusion occurs. The total permeability is therefore expressed by Equation 
 (5.20) , where  x  K  is the fraction of the pore length where Knudsen diffusion occurs. As 
shown in Figure  5.12 , the total permeability predicted by the resistance in series model 
behaves mostly in accordance with the mode of activated diffusion even for a small frac-
tion of constrictions (1  –   x  K ).   

 In the interest of gas separation, the model prediction for CO 2 /CH 4  selectivity versus 
CO 2  permeability has been calculated with varying pore size and temperature, and the 
results are shown in Figures  5.13  and  5.14 , respectively. Equation  (5.21)  is used for  W  cyl  
with the parameter values taken from Table  5.2 . Since the resistance in series transport 
behaves like activated diffusion, the predictions for activation diffusion have been omitted 
from the plot. The selectivity is high for small pores with surface diffusion as the transport 
mechanism where permeability is dominated by the concentration component for which 
CO 2  forms denser surface layers than CH 4 . As pores become larger, the enthalpy of 
adsorption results in a maximum CO 2  permeability, followed by a decrease in the enthalpy 
of adsorption leading to a surface concentration loss. In this case, a single pore is 
considered and therefore the surface concentration eventually increases with increasing 
pore size according to the surface area of the cylindrical pore with the density of both 
gases tending toward that upon a fl at surface. The Knudsen diffusion selectivity favours 
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     Figure 5.13     Model predictions of CO 2 /CH 4  selectivity versus CO 2  permeability for 
varying pore size  d . Arrows indicate the direction of increasing pore size. The pore size 
range, 7.22    >     d     >    30    Å , was chosen for all the modes of transport, apart from the 
resistance in series transport where the constriction size varied while the large pore size 
remained constant ( d  small    =   5 – 7    Å ,  d  large    =   10    Å ,  x  K    =   0.99, Equation  5.20 )  
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CH 4  because of its lighter mass resulting in a higher molecular velocity and does not 
change with pore size. Parallel transport follows the same trend as surface diffusion in 
small pores and tends toward Knudsen behaviour as the pore sizes increase. Finally, the 
resistance in series transport model predicts a decrease in selectivity as the permeability 
of CH 4  increases more rapidly than for CO 2  with increasing pore size.   

 As seen in Figure  5.14 , the selectivity is predicted to slightly increase with increasing 
temperature when gases are in the mode of surface diffusion. This is due to the larger 
adsorption energy that CH 4  experiences over CO 2  for this particular pore size. Knudsen 
selectivity does not depend on temperature. Parallel transport is dominated by the surface 
diffusion component at low temperatures and gradually becomes more dependent on the 
Knudsen diffusion component at high temperatures. Note that the trends will be different 
depending on the pore size. For example, in the case of  d    =   8    Å , the selectivity is predicted 
to decrease as the temperature increases. The resistance in series transport demonstrates 
an increase in selectivity as the CO 2  permeability increases more than the CH 4  permeabil-
ity with increasing temperature, as a consequence of the lower energy barrier that CO 2  
experiences for this particular pore size ( d    =   6.5    Å ).   

   5.10    Conclusion 

 Tailoring the pore size distribution within materials has been suggested as a means of 
fi ne tuning the transport properties in membranes  [61,62] . To facilitate the development 
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     Figure 5.14     Model predictions of CO 2 /CH 4  selectivity versus CO 2  permeability for 
varying temperature  T , within a pore of size  d    =   10    Å  for all mechanisms expect for the 
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indicate the direction of increasing temperature, from 70 to 500   K  
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of gas separation membranes, the modelling of the transport of individual gas molecules 
through pores has been undertaken by various groups. The interactions between the gas 
molecules and the pore wall at the pore opening are considered to be of great importance 
and from which certain information about the gas kinetics can be obtained. A combination 
of theories provides the theoretical determination of the size of pores in which different 
modes of diffusion may dominate for each gas. Critical pore sizes  d  min  and  d  K  indicate 
the division of the three diffusion regimes, namely, activation diffusion, surface diffusion 
and Knudsen diffusion. By using this model one can predict the separation outcome for 
a variety of membranes in which the pore shape, size and composition are known, and 
conversely one can predict pore characteristics with known permeation rates. Further, one 
can also have a desired separation in mind and use this model to guide the design of the 
micro - structure of the membrane material.  

  List of symbols 

    J       fl ux or permeation rate  
  D       diffusivity  
  C       gas concentration  
  C  2  , C  1       upstream and downstream gas concentration  
  p  2 ,  p  1       upstream and downstream pressure  
  L       membrane thickness  
  P       permeability  
  S       solubility  
   η        atomic surface density  
   σ        kinetic diameter  
  ε        well depth  
  d       theoretical pore size (between surface nuclei)  
  d   *        experimental PALS pore size ( d  minus electron cloud thickness)  
  W       difference in the potential energies outside and inside of the pore  
   λ        mean free path  
  d  min       minimum pore size for barrier - free transport  
  d  K       minimum pore size for dominant Knudsen transport  
  Δ  E  a       energy barrier for activation diffusion  
  Δ  H  a       enthalpy of adsorption for activation diffusion  
  Δ  E  S       energy barrier for surface diffusion  
  T       temperature  
  n       surface concentration of pore entrance sites  
  v  f       free volume  
  q       heat of adsorption  
  K       Henry ’ s law coeffi cient,  K    =    K  0 exp( q / RT ), where  K  0  is a constant  
  m       mass of gas molecule  
   τ        pore tortuosity  
  ū        average molecular gas speed  
   ρ   g       probability that the molecule will travel towards a transition  
   ρ   E       probability that the molecule will pass through the transition  
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  u       velocity of the molecule through the transition  
   λ        jump length from the reactant cavity to the product cavity  
  R       resistance (= L / P )  
  l       pore length  
  x  K       fraction of pore length in which Knudsen dominates  
  ε  = ( z )      potential energy between two parallel planes     
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    6.1    Introduction 

 Commercial polymeric membranes are cheap, but very often not suffi ciently permselec-
tive. For any given gas pair, polymers typically show high selectivities with modest 
permeabilities, or high permeabilities coupled with reduced selectivities, so that in a 
selectivity vs. permeability log – log plot all polymers fall below a so - called upper bound 
line  [1] . On the other hand, inorganic membranes are often very permselective, easy to 
clean, thermally and chemically resistant, but are usually expensive, brittle, diffi cult 
to be prepared in a reproducible way, and are typically characterized by a low surface -
 to - volume ratio in modules which, in turn, affects industrial applications (increased dead 
volume, need of larger compressors) and therefore translates into higher investment and 
running costs. 

 Mixed - matrix membranes (MMMs), also referred to as hybrid membranes, contain a 
separating layer made of a continuous phase (usually a polymer) embedding a second, 
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dispersed phase, the chemical nature of which is different. They represent a viable 
opportunity for enhancing the separation capabilities of polymeric membranes for gas 
separation (GS). The combination of two materials with different gas diffusivity and 
solubility, in fact, allows a combination of high permselectivity of the fi ller (e.g. carbon 
molecular sieves, zeolites, inorganic particles) with an ease of production of polymeric 
membranes  [2] . 

 In general, the preparation of defect - free MMMs is not an easy task, especially dealing 
with rigid fi llers in glassy polymers. In fact, the poor adhesion between the two phases 
can produce voids at the interface and preferential paths for the diffusing species, which 
spoil the selectivity of the composite membrane  [3] . This problem is particularly severe 
for Hyfl ons AD and Tefl ons AF, high free volume, amorphous and glassy perfl uoropoly-
mers with interesting GS properties for hydrocarbon mixtures, for the sweetening of 
natural gas and for the N 2 /CH 4  separation  [4] : the well - known diffi culty of sticking 
anything on the surface of perfl uorinated polymers, such as polytetrafl uoroethylene, can 
be rationalized by considering their very low solubility parameters  [5] . In fact, in the 
literature the only composite membranes based on amorphous glassy perfl uoropolymers 
are made of dispersions of non - porous nano - sized amorphous SiO 2  in Tefl on AF 2400 
 [6]  and AF 1600  [7] . SiO 2  nanoparticles in Tefl ons AF interfere with the packing ability 
of the polymer and increase the amount of free volume. The increase in the permeability 
of large, condensable molecules exceeds the one of small molecules, thereby decreasing 
the intrinsic size selectivity of the polymer: as a consequence, a selectivity reversal for 
the n - butane/CH 4  pair takes place above a 18 wt % SiO 2  content in Tefl on AF 2400  [6] . 

 The dispersion of suitable porous fi llers inside such polymers offers a new degree of 
freedom for improvement of their permselectivity, by enhancing the solubility selectivity 
and/or the mobility selectivity or, in the limiting case, the sieving capabilities of the 
zeolites. The main goal of this work is to demonstrate that porous fi llers can be effectively 
dispersed in amorphous glassy perfl uoropolymers. Silicalite - 1, the siliceous form of 
ZSM - 5 (structure topology MFI)  [8] , has a three - dimensional channel structure with 
straight channels of 5.4 – 5.6    Å  along the  b  axis and zigzag channels of 5.6    Å  in the  ac  
plane. The zigzag channels connect subsequent layers of straight channels. There were 
several reasons for choosing it as the porous fi ller: fi rst, because this zeolite is hydrophobic 
and, unlike zeolites containing aluminium, its pores do not absorb signifi cant amounts of 
moisture; secondly, because it can be easily prepared in a wide range of sizes and shapes; 
and fi nally, because the sorption and mobility data of several gases and vapours in it are 
already available in the literature. 

 Several mixed matrix membranes made of silicalite - 1 crystals of different size and 
shape embedded in Tefl on AF 1600, Tefl on AF 2400 and Hyfl on AD 60X have been 
prepared. The gas permeation properties of the membranes have been tested with pure 
gases, and some experiments with n - C 4 H 10 /CH 4  mixtures have also been carried out on 
silicalite - 1/Tefl on AF 2400 membranes.  

   6.2    Materials and Methods 

 The random co - polymers of tetrafl uoroethylene (TFE) used in this work are amorphous 
and glassy. They are Tefl on AF 1600 and 2400 (second monomer perfl uoro - 2,2 - dimethyl -
 1,3 - dioxole, DuPont) and Hyfl on AD 60X (second monomer perfl uoro - 4 - methoxy - 
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1,3 - dioxole, courtesy of Dr. V. Arcella, Solvay Solexis). Their properties are listed in 
Table  6.1 .   

 Silicalite - 1 crystals of different size and habits have been prepared according to litera-
ture procedures  [10,11] . In a typical synthesis tetrapropylammonium hydroxide (TPAOH) 
or bis - 1,5 - (tripropylammonium)pentane diiodide (dC5), sodium or potassium hydroxide, 
and tetraethylorthosilicate (TEOS) were stirred overnight to hydrolyze. The solution was 
fi ltered (qualitative paper) into polypropylene bottles (Nalgene) or Tefl on - lined stainless 
steel autoclaves and heated statically or under rotation for the due time at the given tem-
perature. After quenching in cold water, crystals were recovered by repeated centrifuga-
tion and washing with water until pH was 8, and dried at 90    ° C overnight. The larger 
crystals were then calcined in air (2    ° C/min) at 625    ° C for 10   h; the sub - micron crystals 
instead were embedded in a polyacrylamide gel that was dried at 110    ° C, heated under 
N 2  for 5   h at 550    ° C (heating and cooling 1    ° C/min) and fi nally calcined in air for 5   h at 
550    ° C (heating and cooling 1    ° C/min)  [12] . 

 The MFI crystals were made fl uorophilic by means of a surface chemical modifi cation, 
the details of which will be given elsewhere, and then dispersed in highly fl uorinated 
solvents (Galden HT 110 from Solvay Solexis, FC - 72 from 3M, and 1 - methoxyperfl uor-
obutane from Alfa Aesar) by sonication for 1   h. The homogeneous polymer solutions were 
added to the MFI suspensions, and the mixtures were sonicated further for 1   h prior to 
pouring them into casting rings on glass or Tefl on at room temperature. The rings were 
covered with a lid or a glass plate in order to reduce the evaporation rate of the solvent. 
In two or three days the 17 – 151    μ m thick membranes became dry, and detached spontane-
ously from the surface in a few hours after fi lling the rings with water. The residual solvent 
was removed by heating (1 – 4    ° C/min) in vacuum up to 200    ° C (MMMs with Tefl on AF 
2400) or a few degrees beyond the  T  g  of the polymer  [13] . The thickness of the membranes 
was determined with a Mahr micrometer as the average value of 8 – 20 measurements in 
different points. 

 The SEM observations were carried on different instruments (Jeol 6500 FEG, Cambridge 
Stereoscan 360, and FEI Quanta 200) after sputtering a conductive layer of C, Pt or Au 
on the samples. The samples for the TEM observation (Zeiss EM900) were included in 
an Epon Araldite matrix and cured at 60    ° C for 3 days; the cross - sections were cut in 
80   nm thick slices with a Leica Ultracut UCT ultramicrotome. 

  Table 6.1    Copolymers used in this work and their relevant physical – chemical properties 

   Name     Repeat units      T  g / ° C      d /g   cm  − 3      FFV (%)     Reference  

  Tefl on  ®   AF 2400  

  

O O

F F

CF2 CF2

F3C CF3

87 13

    

  240    1.74    33    4  

  Tefl on  ®   AF 1600  

  
O O

F F

CF2 CF2

F3C CF3

65 35

    

  160    1.84    31    4  

  Hyfl on  ®   AD 60X  

  
O

CF2

O

O F

CF2 CF2
60 40

F3C

    

  121    1.93    23    9  
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 The pure gas (99.99% or higher purity) transport properties were tested with an instru-
ment (GKSS, Geesthacht, Germany) with constant permeate volume described elsewhere 
 [14] . The short response time of the instrument allows one to record transient permeation 
behaviours of less than 1 second. The pure gas permeability is the amount of gas per-
meating in the unit time, multiplied by the thickness of the membrane and normalized for 
the membrane surface and the pressure gradient. The recorded pressure vs. time plots 
were used to derive diffusion coeffi cients from the initial transient permeation, and 
permeability at the steady state. The time - lag   θ   is the intercept of the linear part of the 
pressure vs. time curve with the axis of time. In a homogeneous membrane in which the 
solubility of a gas obeys Henry ’ s law, its diffusion coeffi cient  D  can be calculated from 
the ratio:

    D l= 2 6θ     (6.1)  

where  l  represents the thickness of the membrane. On the GKSS instrument the value 
of D is obtained with an average uncertainty of less than  ±  20%, and permeability within 
 ± 10%. When adsorptive fi ller are present, a modifi cation of the simple Equation  (6.1)  is 
required  [15] . In this work, however, the simplifi ed Equation  (6.1)  is used throughout in 
order to draw qualitative conclusions. Before each measurements the system was evacu-
ated. Feed pressure was 1   bar, the permeate pressure never reached 1   mbar. The separation 
factor is calculated as the ratio of the single gas permeability coeffi cients; the gas solubil-
ity coeffi cients ( S ) is found from the permeability ( P ) and the diffusion coeffi cients ( D ) 
through the well known relation  P    =    DS  valid for membranes with a solution - diffusion 
transport mechanism  [16] . 

 Binary CH 4 /n - butane permeation properties were determined using a continuous fl ow 
system  [17] . Typically, a He sweep fl ow rate of 100   cm 3 /min and an i - butane internal 
standard fl ow rate of 11   cm 3 /min were used, and the equimolar mixed gas feed was 
100   cm 3 /min. At 25    ° C the backfl ow of helium was negligible. The pressure on either side 
of the membrane was increased up to about two bars by using a back pressure regulator. 
Films were loaded into a Wicke – Kallenbach cell, the feed gas was introduced, and the 
permeating species across the membranes swept by the He stream were analyzed by GC 
(HP 6890). Three measurements were taken at 1 or 3   h intervals. The temperatures 
used was 25    ° C; between each pressure increase/decrease, the membrane was allowed to 
equilibrate, typically for 3 – 22   h, before the next set of measurements was taken. The 
selectivity  P  i / P  j  was calculated according to the following expression:

    P P C C C Ci j i
p

j
f

i
f

j
p=  

where the superscript of the concentration  C  of the generic component refers to the feed 
or to the permeate streams.  

   6.3    Results and Discussion 

 The synthesis parameters of the four silicalite - 1 crystals prepared in this work (Figure 
 6.1 ) are summarized in Table  6.2 . The average length of MFI_80 and MFI_350 crystals 
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is 80 and 350   nm respectively. MFI_1500 are slabs (010) with frequent twin intergrowths; 
the average dimensions are ca. 1.4    ×    0.65    ×    1.5    μ m ( a     ×     b     ×     c ). The MFI_dC5 crystals 
are aggregates of highly intergrown thin sheets with the minimum length along the  b  axis 
of less than 400   nm, and dimensions along  a  and  c  up to about 5 and 10    μ m, respectively. 
The surface treatment makes the zeolites fl uorophilic, and this refl ects into a sharp 
increase in the water contact angle from 89 °  (calcined zeolite) to 140 – 150 °  (surface modi-
fi ed zeolite, Figure  6.2 ). N 2  sorption experiments at 77   K indicate that the modifi ed zeolites 
are permeable, with about the same sorption capacity as the pristine calcined samples.     

 The hybrid membranes are designated as follows: e.g. AD60_1500_42 indicates a 
membrane containing Hyfl on AD 60 and 1500   nm silicalite - 1 crystals, in which the mass 
of the zeolite is 42% of the total; AF24_dC5_40 indicates instead a membrane containing 
Tefl on AF 2400 and MFI_dC5 crystals, in which the mass of the zeolite is 40% of the 

a b c d

     Figure 6.1     SEM pictures of the silicalite - 1 samples used in this work: (a) MFI_80, (b) 
MFI_350, (c) MFI_1500, (d) MFI_dC5. Scale bar is 1    μ m (a, b), 5    μ m (c) or 10    μ m (d)  

     Figure 6.2     Droplet of water on a layer of fl uorophilic 80 nm silicalite - 1 crystals  

  Table 6.2    Synthesis conditions of the four silicalite - 1 samples 

   Sample     Molar composition  a        T    b  / ° C      t    c  /h     Ref.  

  MFI_80    25 TEOS : 9 TPAOH : 0.1 Na 2 O : 461 H 2 O    96    72    10  
  MFI_350    25 TEOS : 5 TPAOH : 0.1 Na 2 O : 1550 H 2 O    98    60    10  
  MFI_1500   d      40 TEOS : 7.29 TPAOH : 3237 H 2 O    130    12    11  
  MFI_dC5   d      40 TEOS : 7.49 dC5 : 12.5 K 2 O : 18906 H 2 O    175    120    11  

    a    TEOS: tetraethoxysilane; TPAOH: tetrapropylammonium hydroxide; dC5: bis - 1,5 - (tripropylammonium)pentane 
diiodide.  
   b    Synthesis temperature.  
   c    Synthesis time.  
   d    Autoclaves under rotation.   
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        Figure 6.3     (a) SEM pictures of top view and (b) bottom view of membrane AF16_80_40; 
(c), (d), (e) TEM pictures of the cross sections of membrane AF16_80_40 at different 
magnifi cations; SEM pictures of top view (f) and cross section (g) of membrane 
AF16_350_30; SEM pictures of bottom view (h), top view (i) and cross section (j) of 
membrane AD60_1500_42; SEM pictures of bottom view (k), top view (l) and cross 
section (m) of membrane AF24_1500_40; SEM pictures of bottom view (n), top view (o) 
and cross section (p) of membrane AF24_dC5_40  
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kk l m

n o p

Figure 6.3 (continued)

total. The membranes are defect free and still fl exible up to about 40 wt% of zeolite. The 
top and the bottom surfaces of membrane AF16_80_40 (Figures  6.3 a and b) are smooth, 
although the dispersion of the small 80   nm MFI crystals in the polymer matrix is very 
poor even at a 15 wt% loading. Figures  6.3 c – e show that the 80   nm crystals form mainly 
aggregates containing voids. The TEM picture at the largest magnifi cation in Figure  6.3 e, 
however, indicates the presence of polymer (highlighted by the arrows) around each single 
crystal in the aggregates, and a good wetting of zeolite surface by Tefl on AF 1600. 
Zeolites of 350   nm or larger instead are well dispersed in Tefl on AF 1600 (Figures  6.3 f 
and  6.3 g), Hyfl on AD 60X (Figures  6.3 h – j), Tefl on AF 2400 (Figures  6.3 k – p).   

 Before considering the permeability of the membranes, it is useful to evaluate the 
transport of gas in the silicalite - 1 phase. If we assume a solution - diffusion transport 
mechanism inside a MFI crystal, then an estimate of the permeability can be obtained by 
multiplying gas solubility and diffusion coeffi cient at the specifi c temperature and 
pressures of our permeation experiments. The diffusion coeffi cients of CO 2  and CH 4  in 
silicalite - 1, at 25    ° C and infi nite dilution, reported in Figure  6.4 c, were derived from the 
data of Nijhuis  et al.   [18] , because the pulse - response technique used in that work yields 
diffusivity values which are in good agreement with the self - diffusion coeffi cients deter-
mined by pulse - fi eld - gradient NMR under equilibrium conditions  [19] . In other words, 
the diffusion coeffi cients reported refer to the transport  inside  the crystal and do not 
consider the presence of barriers for the transport of matter at the crystal surface. The 
solubility of N 2 , CH 4  and CO 2  in silicalite - 1 (Figure  6.4 d) was calculated from literature 
data  [20,21]  by considering an average value between 0 and 10 5    Pa at 25    ° C. It can be 
seen from Figures  6.4 c and d that both the solubility and the diffusion coeffi cients of N 2 , 
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CH 4  and CO 2  in silicalite - 1 are higher than in Tefl on AF1600, and therefore, if no barrier 
to transport exists in the MFI/Tefl on AF1600 membranes, their permeability should be 
higher than that of the polymer. The permeability to CO 2  and CH 4  of a Tefl on AF1600/
MFI 30% membrane, as calculated by means of the Maxwell model (random distributions 
of non interacting solid spheres in a continuous matrix)  [22,23] , is shown in Figure  6.4 a: 
none of the two membranes containing 30 wt% MFI crystals is adequately described by 
this simplifi ed model.   

 The pure gas permeabilities of a Tefl on AF 1600 membrane and of four AF1600/MFI 
membranes (Figure  6.4 a) indicate a good correlation with the kinetic diameter of the 
penetrant molecules. However, the membrane AF24_350_30, containing larger crystals, 
is less permeable and more selective than the others (Figure  6.4 b). Therefore, we can 
conclude that a potential energy barrier to transport exists at or near the surface of 
the zeolite crystals. The other data in Figure  6.4  exclude that this barrier might be due 
to polymer densifi cation at the interface. In fact, the permeability of the membranes 
containing 80   nm crystals is always larger, and the selectivity smaller, than in Tefl on 
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     Figure 6.4     Pure gas transport data at 25    ° C of membranes AF1600 ( � ), AF16_350_30 ( � ), 
AF16_80_15 ( � ), AF16_80_30 ( � ), AF16_80_40 ( • ), silicalite - 1 ( � ) as derived from 
literature data (see text), and predictions of the Maxwell model for a AF16/MFI 30% 
membrane ( * ); (a) Pure gas steady state permeability vs kinetic diameter of the permeating 
molecules; (b) gas/methane separation factor; (c) gas diffusion coeffi cients from time - lag 
experiments vs kinetic diameter; (d) gas solubility vs the   ε /k  Lennard - Jones parameter  
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     Figure 6.5     Permeability vs. selectivity plots at 25    ° C of perfl uorinated polymers  [4,13,14]  
and hybrid membranes for the CO 2 /CH 4  pair (a) and for the N 2 /CH 4  separation (b)  

AF1600: a fact that can be rationalized in terms of a loosened polymer packing at the 
interface with the inorganic phase. When the size of the crystal passes from 350 to 80   nm, 
the external surface of the inorganic phase increases of a factor of 19, and the volume of 
the poorly packed polymer increases proportionally. It is possible that such an increase 
of the volume of the more permeable  ‘ shells ’  around the individual crystals might cause 
them to coalesce and to give rise to percolation paths of higher permeability and reduced 
selectivity. In the literature, in similar systems formed by nano - sized fumed silica dis-
persed in amorphous and glassy high free volume polymers, it was assumed that the fi llers 
disrupt the chain packing at the interface  [6,7] . The sustained diffusivity of the gases 
examined in the membranes containing 80   nm MFI crystals (Figure  6.4 c) and the increase 
in the gas solubility they exhibit with the increase of the content of the fi ller (Figure  6.4 d), 
are also consistent with this picture, by considering that a larger free volume can host 
more molecules. 

 It must be pointed out that the information on gas diffusivity and solubility reported in 
Figure  6.4  are qualitative, since they are derived from a simplifi ed treatment of the tran-
sient permeation behaviour; equilibrium gas sorption experiments would be required to 
obtain detailed information on the different role of polymer and zeolites in these mixed 
matrix membranes. 

 The data regarding Tefl on AF1600 mixed matrix membranes therefore seem to indicate 
that, when the zeolite particles are small, the gas fl ow runs mainly around them, whereas 
with larger particle sizes the overall resistance increases, and the gas molecules have a 
higher probability to cross the membrane surface and pass through the zeolites. For this 
reasons some membranes have been prepared with silicalite - 1 crystals of about 1.5    μ m 
and with dC5 MFI. 

 The properties of Hyfl on AD 60X are clearly improved by the presence of silicalite - 1. 
As can be seen in Figure  6.5 a the CO 2 /CH 4  separation factor gets closer to the Robeson ’ s 
upper bound. Although other polymers have higher separation factors, the resistance to 
plasticization of medium free - volume perfl uorinated polymers  [4,9]  makes this polymer/
fi ller combination of some interest.   

 The best results of the AD60_1500_42 membrane is in the diffi cult N 2 /CH 4  separation 
(Figure  6.5 b), beyond the Robeson ’ s upper bound. 
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 A similar effect can be seen in Figure  6.6 a for Tefl on AF 2400: when compared to 
hybrid membranes containing fumed silica, the AF24_1500_40 membrane shows better 
butane permeability and butane/CH 4  separation factors in pure gas permeation experi-
ments. Mixed gas permeation experiments at 25    ° C with equimolar butane – methane 
mixtures demonstrate that the increase of the butane partial pressure from 50 to 106   kPa 
can revert the methane selective membrane to butane selective. In these experiments the 
n - butane permeability grows monotonically from 2.4 to 3.2    ×    10  − 15    m 3    m   m  − 2    Pa  − 1    s  − 1 . The 
experiments with the membrane AF24_dC5_40, containing large and thin silicalite - 1 
crystals, the results of which are not shown here, always yield better butane/CH 4  selectiv-
ity and same permeability than with the AF24_1500_40 membrane, and demonstrate the 
importance of the shape of the fi ller on the performance of mixed matrix membranes  [24] .    

   6.4    Conclusions 

 Defect - free membranes comprising zeolites and amorphous glassy perfl uoropolymers can 
be prepared by modifying the surface of the fi ller. The pure gas permeation experiments 
of a series of Tefl on AF 1600 membranes with various amounts of 80 and 350   nm silicalite - 1 
crystals cannot be interpreted on the basis of the Maxwell model, but are compatible with 
a model in which a barrier to transport exists on the zeolite surface and a lower density 
polymer layer surrounds the crystals. With a small zeolite size (80   nm) the low density 
layers around the crystals may coalesce and form percolation paths of lesser resistance and 
less selectivity. Silicalite - 1 crystals improve the CO 2 /CH 4  selectivity of Hyfl on AD60X, 
and drive the N 2 /CH 4  selectivity beyond the Robeson ’ s upper bound. It also turns out 
that the presence of silicalite - 1 crystals, like fumed silica, promote the inversion of the 
methane/butane selectivity of Tefl on AF2400 in mixed gas experiments.  
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     Figure 6.6     (a) Permeability vs. selectivity plot of Tefl on AF 2400 based hybrid 
membranes for the n - C 4 H 10 /CH 4  pair at 25    ° C: pure gas data of fumed silica fi lled AF2400 
( � ; 0, 25 and 40%), data from ref.  [6] ; pure gas data of membrane AF24_1500_40 ( � ); 
mixed gas data (2% n - butane feed, 11.2 bar) of fumed silica fi lled AF2400 ( • ; 0, 18, 30 
and 40%), from ref.  [6] ; (b) butane/methane selectivity vs. butane partial pressure in the 
feed (C 4 H 10 /CH 4  50:50 molar ratio) of membrane AF24_1500_40  
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    7.1    Introduction 

 Polymers are currently the dominant materials for gas separation membranes because 
of their processability that allows the economic production of modules for large scale 
separation. Their separation ability, however, may be low in comparison with more rigid 
molecular sieving media and this may limit their performance. A signifi cant improvement 
can be achieved by dispersing an inorganic more selective phase in a polymeric process-
able phase, with the possibility of taking advantage of the peculiar characteristics of both 
materials. This class of composites is usually referred to as mixed matrix membranes 
(MMM) where the highly selective rigid phase is represented by zeolites, carbon molecu-
lar sieves or silica particles. The polymeric membranes employed are glassy polymers 
that already show good selective and/or gas permeation properties on their own, such as 
polyimides, polysulfone, amorphous Tefl on  ®  , PTMSP and PMP  [1] . 

 Measurements of gas transport in AF 2400 fi lled by non - porous hydrophobic fumed 
silica (FS) nanoparticles showed that the inorganic fi ller enhances gas permeability  [2] ; 
such an increase is more pronounced for larger penetrants and leads to a lower size selec-
tivity of the mixed matrix membrane with respect to the unloaded polymer. The sorption 
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isotherm of these materials, reported per unit mass of solid membrane, is not greatly 
affected by the inorganic fi ller: the latter adsorbs only marginal amounts of penetrants. 
Surprisingly, on the contrary, the diffusion coeffi cients are increased signifi cantly by the 
addition of the nanoparticles, which are in fact obstacles to diffusion through the mem-
brane, thus determining an important increase in permeability. Fumed silica is non - porous 
and therefore a penetrant is adsorbed only on its surface, and diffusion around it requires 
a more tortuous path. The observed sorption and diffusion behaviour can be explained by 
considering that the nano - fi ller changes the packing structure of the polymeric matrix 
increasing the overall fractional free volume (FFV) of the polymer phase and thus increas-
ing its sorption capacity; that can compensate for the lower contribution to sorption 
offered by the particles. The additional free volume created affects diffusivity even more 
signifi cantly, in spite of the presence of obstacles in the diffusive path. That physical 
interpretation is in agreement with PALS measurements that in the super - glassy polymers 
such as amorphous Tefl ons and PTMSP found two different populations of holes whose 
distribution is modifi ed in MMM after the addition of FS, with an increase of the fraction 
of the larger FFV elements  [3] . 

 In a previous work  [4]  we already proposed a method to predict the enhancement 
in diffusivity due to the addition of fumed silica particles to high free volume matrices 
such as PTMSP and Tefl on  ®   AF 2400. The model was tested only on the bases of avail-
able literature data while in this work we performed a detailed characterization of Tefl on  ®   
AF 2400 mixed matrices to further inspect and document the validity of the approach 
proposed.  

   7.2    Theoretical Background 

 In gas separation, the performance of a membrane is usually evaluated through the 
selectivity   α  i,j   between two penetrants  i  and  j , that is expressed as:

    α α αi j
i

j
D S

i

j

i

j

P

P

D

D

S

S
, = = ⋅ ⋅=     (7.1)  

where  P i   is the permeability of the  i th   penetrant and can be calculated as the product of 
 D i   and  S i   if the solution - diffusion model holds true and Fick ’ s law is appropriate to rep-
resent the diffusive mass fl ux. 

 The addition of nanoparticles in a polymeric matrix has been considered with the 
expectation of taking advantage of the specifi c qualities of the two materials, obtaining 
in fact a variety of unexpected behaviours which apparently demand an extensive experi-
mental analysis. Therefore, it would be highly desirable and useful to be able to predict 
the behaviour of a composite matrix from the properties of the pure constituents, glassy 
polymer and fi ller nanoparticles, while to our knowledge, there are no models available 
that can predict correctly the solubility and diffusivity behaviour of the mixed matrices 
under consideration. Only models for permeability are available and they all predict a 
decrease in permeability as rigid impermeable particles are added to the matrix, due to 
the increase in the tortuosity of the path that the penetrant molecules have to follow during 
diffusion through the membrane. One of the most commonly used is the Maxwell model 
 [5] , initially derived for the permittivity of a dielectric medium, that states:
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where   Φ   F  is the volume fraction of the particles loaded. Even if suitable for some MMM 
with non - porous fi llers, this model is certainly not applicable to the case of amorphous 
Tefl on  ®   loaded with FS nanoparticles. Thus a new method has been proposed  [4]  to 
calculate solubility and transport properties in MMM, based on the NELF model for solu-
bility, that can predict the behaviour of permeability through the separate calculation of 
penetrant solubility and diffusivity. The general features of the model are briefl y revised 
hereafter, before presenting the results of the experimental analysis. 

   7.2.1     NELF  Model 

 The NELF model  [6 – 9]  enables us to calculate the solubility isotherms in glassy polymers, 
on the bases of the results of non - equilibrium thermodynamics of glassy polymers  [9] . It 
offers an explicit relationship between penetrant fugacity on one hand and penetrant solu-
bility in the glass and glassy polymer density on the other hand. Thus it accounts for the 
strong and important relationship existing between solubility and fractional free volume 
in the glassy polymeric phase. In particular, the NELF model is an extension of the lattice 
fl uid equation of state  [10]  to the non - equilibrium state that characterizes glassy polymers. 
The model uses the same characteristic parameters ( p  * ,   ρ   * ,  T  * ) of the Sanchez and 
Lacombe theory  [11]  to evaluate the properties of pure components, and the same mixing 
rules to estimate the mixture properties. 

 The characteristic parameters of the polymer can be calculated by best - fi tting the LF 
equation of state to PVT data above  T  G , while for the penetrant either PVT or vapour –
 liquid equilibrium data can be profi tably used. 

 The number of lattice sites occupied by a molecule in its pure phase is given by:

    r
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    (7.3)  

where  M i   is the molar mass of component  i  and   vi* is the volume occupied by a mole of 
lattice sites of pure substance. The parameter   ri

0 is usually set to infi nity for the polymer 
species. Mixing rules with only one adjustable binary parameter,   Ψ  , are adopted to 
calculate the mixture properties.   Ψ   affects the binary characteristic pressure   P12* that rep-
resents the energetic interactions per unit volume between gas and polymer molecules:

    P P P12 11 22* * *= ⋅Ψ     (7.4)   

 A fi rst - order approximation is given by   Ψ     =   1, to use when no specifi c data for the mixture 
are experimentally available. 

 The pseudo - equilibrium state of the glassy mixture is described by the usual state vari-
ables (temperature, pressure and composition) plus the polymer density   ρ   2  that accounts 
for the departure from equilibrium frozen into the glass. 

 The phase equilibrium between the external gas phase and the glassy polymer mixture 
is given by the usual relationship:
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    μ ρ μ1 1 2 1
NE s PE PE Eq g( ) ( )( ) = ( )T p T p, , , ,Ω     (7.5)  

where the penetrant chemical potential in the solid non - equilibrium phase,   μ1
NE s( ), is 

defi ned as:
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    (7.6)  

and is given by an explicit expression  [6 – 8]  according to the Sanchez - Lacombe equation 
of state. Superscripts PE in Equation  (7.5)  label pseudo - equilibrium conditions. 

 In order to evaluate solubility isotherms through Equation  (7.5)  one thus requires the 
knowledge of the characteristic parameters of the pure components that may be found in 
specifi c collections, as well as of the actual density of the glassy polymer at the actual 
experimental conditions, that depends also on the thermo - mechanical history of the 
samples and can be determined from separate direct dilation experiments. For non -
 swelling penetrants, like many permanent gases such as O 2 , N 2  and CH 4 , one can use the 
pure unpenetrated polymer density   ρ2

0 for the entire isotherm. For swelling penetrants the 
value   ρ2

0 for the polymer density can be used only in the low pressure range  [7] , while 
for the entire isotherm one needs to account for the actual polymer density given by the 
dilation isotherm which parallels the penetrant sorption isotherm. It has been shown that 
in the cases experimentally tested  [12 – 14]  there is a linear dependence of the polymer 
density on the partial pressure of the vapour sorbed and thus we can introduce a swelling 
coeffi cient,  k   sw  , to account for such a linear relationship between polymer density and 
penetrant pressure during sorption:

    ρ ρ2 2
0 1PE

swp k p( ) = −( )     (7.7)   

 Since specifi c dilation isotherms are not usually available in open literature data, use of 
Equation  (7.7)  allows reasonable and simple procedures: in the absence of dilation iso-
therm data, one single solubility datum at high pressure can be used in Equations  (7.5)  
and  (7.7)  to obtain the swelling coeffi cient  k  sw , so that the swelling isotherm of the matrix 
at all other pressures can then be obtained through Equation  (7.7) . 

 Using Equations  (7.5)  and  (7.7) , the phase equilibrium condition becomes of the fol-
lowing type:

    μ ρ μ1 1 2
0

1
NE s PE

sw
Eq gT p k T p( ) ( )( ) = ( ), , , , ,Ω     (7.8)    

   7.2.2    Modelling Gas Solubility Into Mixed Matrix Glassy Membranes 

 Frequently, gas solubility in a composite matrix is represented through a simple additive 
rule that considers the sorption capacity of the polymer and the fi ller unaffected by the 
mixed matrix conditions. Unfortunately this is not the case for mixed matrices obtained 
by loading impermeable nano - particles in high free volume glassy polymers, where the 
addition of the inorganic rigid phase affects essentially the actual density of the polymer 
and its swelling behaviour. The FFV increase is reasonably associated to the generation 
of defects at the polymer/fi ller interface, which on the average results in a decreased 



Vapor Sorption and Diffusion in Mixed Matrices Based on Tefl on® AF 2400  129

density of the polymer phase of the composite. Thus the presence of fi ller essentially 
affects only the polymeric phase, by adding free volume elements at the organic/inorganic 
interface, while the adsorption capacity on the fi ller surface can be considered practically 
unchanged, in view also of the fact that the adsorption on the fi ller surface is rather small 
compared to the total solubility. 

 In general we can write the total solubility of a penetrant as a sum of two contributions, 
one due to the polymeric phase and one due to the fi ller; per unit volume of the mixed 
matrix one has:

    C
n n

V
C Ci M

i F i P
F i F F i P,

, ,
, ,= + = ⋅ + −( ) ⋅Φ Φ1     (7.9)  

where   Φ   F  is the volume fraction of the fi ller in the composite,  C  i,M  is the gas solubility 
per unit volume of mixed matrix,  C  i,F  and  C  i,P  are the gas solubilities in the fi ller and in 
the polymer, per unit volume of fi ller and per unit volume of polymer, respectively. 
(Indeed, on the fi ller particles only surface adsorption takes place so that the fi ller con-
tribution should be more properly written using the surface concentration   γ   i  and the area 
per unit volume of the particles, A ′  ′  ′    =   6/ d  p  for spheres of uniform diameter  d  p , so that 
 C  i,F    =     γ   i A ′  ′  ′ . However, since the particles here used are reasonably monodisperse we can 
equivalently use  C  i,F  in place of   γ   I  A ′  ′  ′ .) Since the contribution due to adsorption is minor 
if not negligible, it appears reasonable to accept that the adsorption capacity of the fi ller 
in the composite is practically the same as onto the pure free particles,   Ci F,

0 ; thus we now 
assume that:

    C Ci F i F, ,= 0   

 so that Equation  (7.9)  becomes:

    C C Ci M F i F F i P, , ,= ⋅ + −( ) ⋅Φ Φ0 1     (7.10)   

 Normally the major contribution to the solubility in the mixed matrix under consideration 
is given by the glassy polymer phase and thus by the second term in the right - hand side 
of Equation  (7.10) . Therefore, if one can measure reliably the density   ρ2

0  of the glassy 
polymer phase of the mixed matrix one can rely on the NELF model to calculate the 
solubility  C i,P   in the low pressure range or in the entire isotherm in the case of non -
 swelling penetrants. For swelling penetrants also the swelling coeffi cient  k  sw , or the 
dilation isotherm of the polymer phase, would be required. Unfortunately neither   ρ2

0 nor 
 k  sw  values are commonly available for the polymer phase of a mixed matrix, and the 
limited existing data indicate that the polymer density in mixed matrices require 
techniques more delicate than usual to be determined, in the absence of which its value 
is obtained with an uncertainty too high to allow a direct use in the calculations of solu-
bility as indicated above. 

 In the absence of a reliable value of the volumetric properties of the glassy polymer 
phase of the mixed matrix we can tackle the problem following a different procedure, 
according to which the required volumetric properties are obtained from the solubility 
isotherm of a penetrant, arbitrarily chosen as reference. We can thus select a convenient 
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test penetrant and measure directly its adsorption onto the pure fi ller and its solubility 
isotherms in the mixed matrix as well as in the pure unloaded polymer. Then we can 
calculate the solubility isotherm in the polymer phase alone of the MMM, by means of 
Equation  (7.10) . Use of the NELF model allows one to calculate the unpenetrated polymer 
density   ρ   2  at any pressure, considering for the binary parameter   Ψ   the same value valid 
for the unloaded polymer phase. From the dilation isotherm thus calculated for the polymer 
phase alone we obtain   ρ2

0  as well as the swelling coeffi cient  k  sw  in the mixed matrix. The 
value of   ρ2

0 represents the pure unpenetrated polymer density in the mixed matrix, which 
obviously holds true also when other penetrants are used in the same MMM. The value 
of  k  sw  accounts for the swelling effects of the specifi c penetrant on the polymer and thus 
it may vary for every polymer – gas couple. The value of   ρ2

0 thus obtained may then be 
used to calculate through the NELF model the solubility of all other penetrants, at least 
in the low pressure range in which swelling is negligible. In the presence of important 
swelling effects one needs to determine also the swelling coeffi cient  k  sw  of the polymer 
phase in the MMM, which requires the knowledge of one solubility value of that penetrant 
at relatively high pressures, according to the procedure illustrated in a previous work  [7] . 
The determination of   ρ2

0 as described above allows us also to evaluate the fractional free 
volume in the unpenetrated polymer phase, commonly defi ned as:

    FFV
V V
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W
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2 2
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1 3 1 3. .ρ ρ
ρ

    (7.11)  

where  V   W   is the van der Waals volume of the repeating unit of the polymer, whose value 
can be calculated based on Bondi ’ s group contribution method  [15] , and is already avail-
able for the matrices of interest in this study  [4] .  

   7.2.3    Modelling Gas Diffusivity and Permeability in Mixed Matrix 
Glassy Membranes 

 As far as diffusivity is concerned, it has been seen  [4]  that the infl uence of the penetrant 
concentration  C  i,P  on the diffusion coeffi cient in composite membranes can be well rep-
resented with an exponential law:

    D D Ci,M i,M i,P= ( ) ⋅ ⋅( )0 exp β     (7.12)  

where  D  i,M (0) is the infi nite dilution apparent diffusion coeffi cient in the mixed matrix, 
 C  i,P  the average penetrant concentration in the polymeric phase and   β   is a constant char-
acteristic of the polymer – gas couple that depends on temperature. 

 If only the infi nite dilution diffusivity  D  i,M (0) is considered, no swelling effects is 
present and we can consider that the diffusion coeffi cient depends only on the properties 
of the mixed matrix, namely tortuosity and FFV of the glassy polymeric phase. 

 A semi - empirical law, based on free volume theory  [16] , is usually considered to hold 
between the infi nite dilution diffusion coeffi cient in the pure polymeric phase,  D  i,P (0), and 
its FFV:

    ln D A
B

i,P
M
0FFV

0( )( ) = −     (7.13)  
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where  A  and  B  are parameters that depend on temperature and are specifi c to the polymer –
 gas pair under consideration. Indeed it is known that, although the parameters entering 
the original free volume expression  [16]  can be determined from pure component proper-
ties only, their values are practically unavailable or very diffi cult to determine for the 
majority of polymers. As a consequence, a more compact expression, represented by 
Equation  (7.13) , is used that maintains the functional form of the dependence between 
diffusivity and fractional free volume, but makes use of only two adjustable parameters 
that can be determined from experimental diffusion data. 

 The diffusion coeffi cient in the mixed matrix is affected by the presence of the fi ller 
not only through the effects on polymer FFV but also through changes in the diffusive 
path: the particles are impermeable and act as an obstacle in the path of the gas molecules 
through the membrane, increasing its tortuosity. The value of the infi nite dilution apparent 
diffusion coeffi cient in the mixed matrix,  D  i,M (0), can then be related to  D  i,P (0) using a 
tortuosity factor   τ  , as usually made:

    D Di M i P, ,0
1

0( ) = ( )
τ

    (7.14)   

 The tortuosity factor is reasonably evaluated from the Maxwell model  [5] , actually spe-
cifi cally derived for the insertion of spherical particles as:

    τ = +1
2

ΦF     (7.15)   

 Thus, in view of Equations  (7.13)  and  (7.14)  we have:

    D A
B

i M
MFFV

, exp0
1

0
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⎞
⎠⎟τ

    (7.16)   

 Equation  (7.16)  relates the apparent infi nite dilution diffusion coeffi cient in the mixed 
matrix to the   FFVM

0  of the unpenetrated polymeric phase of the MMM. 
 The FFV value in the polymer phase of the mixed matrix can be calculated through 

Equation  (7.11)  based on the unpenetrated polymer density   ρ2
0 in the polymer phase of 

the MMM, obtained from the solubility data as indicated above. Since different fi ller 
loadings will induce different FFV in the polymer phase, one can use Equation  (7.16)  to 
obtain the parameters  A  and  B  virtually from as little as two different mixed matrices with 
two different fi ller loadings; then the same Equation  (7.16)  can be applied to calculate or 
correlate the infi nite dilution apparent diffusivity D i,M  for any other fi ller loading in the 
same glassy polymer. 

 If we then consider the ratio between the diffusivity in the composite and the diffusivity 
in the pure unloaded polymer, we obtain:
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 Equation  (7.17)  contains only one adjustable parameter,  B , together with   FFVP
0, which 

represents the fractional free volume of the pure unloaded glassy polymer. 
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 Of course, from the diffusivity and solubility values one can evaluate also the perme-
ability ratio between composite and unloaded polymer, considering the solution - diffusion 
model:
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    (7.18)  

where the ratio between diffusivities can be calculated from Equation  (7.17)  and the 
solubility ratio comes from the calculations based on the NELF model. 

 The procedure proposed to estimate the solubility and transport properties in the mixed 
matrices is visually summarized in the scheme reported in Figure  7.1 .     

   7.3    Experimental 

   7.3.1    Materials 

 The polymer matrix used is Tefl on  ®   AF 2400, a glassy perfl uorinated copolymer obtained 
by random copolymerization of 2,2 - bis(trifl uoromethyl) - 4,5 - difl uoro - 1,3 - dioxole (BDD) 
and tetrafl uoroethylene (TFE) at mole fractions of 87% and 13% respectively, with glass 
transition temperature of 240    ° C and density equal to 1.74   g/cm 3 ; the polymer has an 
excellent chemical resistance and high gas permeability. The fi ller used (non - porous 
fumed silica TS - 530, Cabot Corporation) has been chemically treated with hexamethyl-
disilazane, in order to replace hydroxyl surface groups with hydrophobic trimethyl - silyl 
groups. The particles have an average diameter of 13   nm and a density of 2.2   g/cm 3 . The 
structures of the repeating units of the copolymers investigated and of the inorganic fi ller 
used are shown in Figure  7.2 .   

 Membranes were obtained by casting a solution of 1% wt of polymer in perfl uoro -  N  -
 methyl - morpholine (PF5060, supplied by 3M) on a glass plate and allowing the solvent 
to evaporate, following the procedure proposed by Merkel  et al.   [2] . Fumed silica is added 
to the polymer solution in the case of mixed matrices, the mixture is blended for 2 – 3   min 
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     Figure 7.1     Scheme of the modelling approach used for the mixed matrices transport 
behaviour  [4]   
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at 18000   rpm in a Waring two - speed laboratory blender and then cast onto a Petri dish 
and covered with an aluminium foil, allowing controlled solvent evaporation. It seems 
that solvent evaporation is the critical step to obtain good fi lms, while the stirring time 
has no infl uence on the resulting membranes structure. The fi lms were completely dried 
within about 48   h and were not treated further before sorption experiments. The fi nal 
thickness of the fi lms is in the range 60 – 140    μ m. Mixed matrices were prepared with two 
different fi ller loadings, 25% and 40% wt of FS. 

 The vapours used in the experiments, n - butane and n - pentane, were supplied by Sigma -
 Aldrich, reactant grade, and were used as received.  

   7.3.2    Vapour Sorption 

 The determination of penetrant solubility and diffusivity was performed at pressures 
below 1   bar using a pressure decay apparatus. A known amount of vapour is fed into the 
sample chamber and the mass uptake is evaluated by measuring the pressure decrease of 
the gaseous phase versus time; the equilibrium solubility is equal to the fi nal, asymptotic 
value of the mass uptake. Pressure is measured with an absolute capacitance manometer 
(FS value 1000   mbar, accuracy 0.15% of the reading), and vapour activity is calculated 
as the ratio between the equilibrium pressure and the penetrant vapour pressure at the 
temperature of the experiment. Subsequent sorption tests are performed by increasing the 
external pressure in a stepwise manner. The system is placed in an air - thermostated 
chamber where temperature is kept fi xed to within  ± 0.1    ° C. A scheme of the equipment 
is shown in Figure  7.3 . The penetrant diffusivity in the fi lm can be evaluated from the 
sorption kinetics, which follows Fickian behaviour, taking into account the variation of 
interfacial concentration during the experiment, due to the decrease of the gas pressure. 
The expression for the mass uptake in step ( i ) as a function of time,   Mt

i( ), for the mass 
sorption from a limited volume where the variation of the interfacial concentration is due 
to mass sorption in the membrane, is given by the well - known expression  [17] :  
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     Figure 7.2     Molecular structure of (a) Tefl on  ®   AF and (b) non - porous fumed silica before 
and after treatment to have a hydrophobic surface  
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where   M i
0
( ) and   Mt

i( ) are the initial and fi nal mass uptakes of step ( i ), respectively,   α   is 
the ratio between the volume of the chamber and that of the membrane, corrected for the 
partition coeffi cient of vapour between the gaseous phase and the polymer,  l  is the semi -
 thickness of the membrane, while  q n   are the positive, non - zero solutions of the equation: 
 t  g ( q n  )   =    −   α q n  . By best fi tting to Equation  (7.19)  the experimental data of mass uptake 
versus time, one obtains the average diffusivity value within the concentration interval 
inspected in the differential sorption step. This apparatus was used to perform experiments 
with pure polymer and mixed matrices based on Tefl on  ®   AF 2400 and also to measure 
adsorption onto pure fumed silica particles.   

   7.4    Results and Discussion 

   7.4.1    Vapour Sorption in Mixed Matrices Based on  AF  2400 

 The solubility isotherms obtained for n - butane and n - pentane in mixed matrices of AF 
2400 are shown in Figure  7.4 , as grams of penetrant per grams of total solid, together 
with the solubility isotherms for the pure polymer and the mass adsorption onto the pure 
fi ller.   

 The addition of fi ller in AF 2400 apparently does not affect the solubility of n - C 4  per 
unit mass of solid (Figure  7.4 a), in spite of the fact that fumed silica adsorbs much less 
n - C 4  than the pure polymer can sorb, and infl uences the mass uptake of n - C 5  (Figure  7.4 b) 
only at high activity where the plasticization effect of the penetrant is signifi cant, as it 
can be seen from the shape of the isotherm that shows a change in concavity. 

Vacuum
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Pre-chamber

Sample chamber

PI

     Figure 7.3     Pressure decay apparatus for vapour sorption  
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 To understand better the underlying mechanism and to model the system behaviour it 
is more meaningful to report the solubility data in terms of mass of penetrant absorbed 
per unit mass of polymer phase alone, C  i,P  ; to that aim we apply the pseudo - additive 
approximation embodied by Equation  (7.10)  and report the values of  C i,P   thus obtained 
versus penetrant pressure. The results are shown in Figure  7.5 , where they are also 
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     Figure 7.4     Solubility isotherms of (a) n - C 4  and (b) n - C 5  in Tefl on AF 2400, AF 
2400   +   25%wt FS and AF 2400   +   40%wt FS and adsorption onto pure silica at 25    ° C  
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     Figure 7.5     Experimental solubility of (a) n - C 4  and (b) n - C 5  in the polymeric phase of 
Tefl on  ®   AF 2400 - based MMM at 25    ° C and comparisons with NELF model  
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compared with the simulations obtained by the NELF model using the parameter values 
reported in Table  7.1 . The binary parameter used in the model calculations was adjusted 
on sorption data in the pure polymer and was kept constant even for composite materials, 
while the swelling coeffi cient was adjusted for each penetrant on the data of the isotherm 
at higher activities. In the absence of reliable experimental density data for the polymer 
phase alone of the mixed matrix, the polymer density value in the MMM was estimated 
by fi tting the NELF model on the solubility isotherms of n - C 4 . It can be seen from Table 
 7.2  that such values decrease with increasing FS content, and that the values thus obtained 
are good to calculate the solubility behaviour of n - C 5 : this testifi es that the density 
obtained in this way is a good representation of the actual polymer density and the cor-
responding FFV value will also be used to correlate the diffusivity data shown in the 
following.      

  Table 7.1    NELF model parameters for n - C 4 , n - C 5 , mixed matrices and their mixtures 

    Matrix        ρ   * (kg/L)     T *  (K)     P *  (MPa)       ρ2
0   (g/cm 3 )      FFV  (Equation  7.11 )  

  AF 2400  [18]     2.13    624    250    1.740  a      0.320  
  AF 2400/25%wt FS                1.714  b      0.330  
  AF 2400/40%wt FS                1.680 b     0.344  

   Penetrant                       

  n - C 4     0.720    430    290          
  n - C 5     0.749    451    305          

   Penetrant      k ij       k sw   (MPa  − 1 )     Matrix   

  n - C 4     0.14    0.13 
 0.20 
 0.21  

  AF 2400 
 AF 2400/25% wt FS 
 AF 2400/40% wt FS  

  n - C 5     0.14    0.85 
 1.20 
 2.00  

  AF 2400 
 AF 2400/25% wt FS 
 AF 2400/40% wt FS  

    a    Experimental value.  
   b    Value estimated based on the experimental solubility isotherms of  n  - C 4 .   

  Table 7.2    Values of the coeffi cients  A ,  B ,  E  and  F  for the correlations of Equations  (7.16)  
and  (7.20)  

    
     

   A      B      E      F   

   (cm 2 /s)          (g/g pol )  − 1        

  n - C 4 H 10     2.28    ×    10 16     18.008    8.27    ×    10 9     57.08  
  n - C 5 H 12     5.06    ×    10 16     18.355    3    ×    10 18     118.93  
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   7.4.2    Diffusivity 

 The diffusion coeffi cient was calculated in every sorption step of the pressure decay 
experiments, fi tting Equation  (7.19)  to the transient data of mass uptake. Results for pure 
polymers and MMM are reported in Figure  7.6 , where it can be seen that the addition of 
FS particles increases the diffusivity value, at fi xed penetrant concentration in the poly-
meric phase. This is against the common thought that the addition of impermeable parti-
cles decreases the diffusion coeffi cient by increasing the tortuosity of the path that the 
penetrant molecules have to follow inside the membrane. However, the observed behav-
iour is completely consistent with previous results obtained for several gases and vapours 
in mixed matrices based on fumed silica and PTMSP, PMP and amorphous Tefl on  [2,3] . 
For those systems, the diffusivity enhancement was observed with every penetrant 
inspected, while the extent of the phenomenon varies with the specifi c penetrant. The 
same results are obtained considering diffusion coeffi cients obtained both from sorption 
and permeation experiments  [2,3] . This trend has been considered as a direct consequence 
of the increase of the concentration of larger free volume elements with increasing fi ller 
content in Tefl on AF 2400, which was documented with positron annihilation lifetime 
spectroscopy technique  [3] .   

 Also the variation of the apparent diffusivity with penetrant average concentration in 
the MMM shows a peculiar behaviour. Such a dependence is represented by the parameter 
  β   used in Equation  (7.12) , and we can notice that its value decreases with increasing fi ller 
content. An analogous phenomenon was already evidenced by Merkel  et al. , although no 
clear explanation was provided  [2,3] . It appears that the matrices characterized by high 
fi ller loadings have rather high infi nite dilution diffusivities so that the favourable effect 
of swelling, which increases with penetrant concentration, results in smaller relative 
increases of diffusivity. 

(a) 

10
-9

10
-8

10
-7

10
-6

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Teflon AF2400
Teflon AF2400 + 25% FS
Teflon AF2400 + 40% FS

D
if

fu
s
iv

it
y
 (

c
m

2
/s

)

Average concentration (g/g
pol

)

(b)

10
-9

10
-8

10
-7

10
-6

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Teflon AF2400
Teflon AF2400 + 25% FS
Teflon AF2400 + 40% FS

D
if

fu
s

iv
it

y
 (

c
m

2
/s

)

Average concentration (g/g
pol

)

n-C4

n-C5

     Figure 7.6     Average diffusivity of (a) n - C 4  and (b) n - C 5  in Tefl on AF 2400 - based mixed 
matrices at 25    ° C, versus average penetrant concentration  
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 In the following section, we will present quantitative correlations for both infi nite 
dilution diffusion coeffi cients and   β   values as a function of the mixed matrix structural 
parameters.  

   7.4.3    Correlations for Diffusivity 

 The FFV in the unpenetrated polymer phase of the MMM calculated from the sorption 
isotherm of the test penetrant (n - C 4 ) through the NELF model can also be used to correlate 
the diffusivity data collected during sorption tests. The infi nite dilution diffusion coeffi -
cient in the polymeric phase,  D  P (0) determined from the experimental diffusivity data can 
be related to the FFV initially present in the polymer matrix (  FFVM

0 ). As shown in Figure 
 7.7  for diffusion of n - butane in AF 2400, there is a correlation between the infi nite dilu-
tion diffusion coeffi cient and   1 FFVM

0 , that agrees with Equation  (7.16) . Similar behaviour 
is observed for n - C 5 , with different values of the parameters  A  and  B , as it can be seen 
from the results reported in Table  7.2 . This is not surprising, because the values of these 
empirical parameters are expected to be a function of the penetrant nature and size.   

 Finally, it is found that the coeffi cient   β   appearing in the concentration dependence of 
diffusivity, Equation  (7.12) , is related to the FFV of the polymer phase of the MMM at 
infi nite dilution (Figure  7.7 c) through an exponential law:

    β = ⋅ − ⋅( )E Fexp FFVM
0     (7.20)   

 The parameters  E  and  F  are both positive, vary with the penetrant (Figure  7.7 d), and their 
values are reported in Table  7.2 . The correlation expressed by Equation  (7.20)  actually 
states that the higher the initial free volume of the matrix, the lower the effect of concen-
tration on diffusion, i.e. the lower the value of   β  .  

   7.4.4    Permeability and Selectivity 

 From the solubility and diffusivity data collected in the sorption experiments the value 
for the permeability of the two penetrants in the different mixed matrices was calculated. 
If the solution - diffusion model is considered to hold true, and Fick ’ s law is suitable to 
represent the diffusive fl ux, the permeability can be calculated as the product of diffusivity 
and solubility coeffi cient. The calculated permeability is shown in Figures  7.8 a and b, 
where it is clear that the addition of fi ller increases the permeability of the membrane for 
both penetrants.   

 In Figure  7.8 c the ratio between the permeability in the composite and that in the pure 
polymer at infi nite dilution for the two penetrants is reported as calculated from Equation 
 (7.18) , and clearly the addition of inorganic fi ller to the polymer enhances the permeability 
of the material. 

 From the knowledge of the permeability isotherms, the behaviour of the ideal selectiv-
ity of the composite can thus be calculated; as shown in Figure  7.9  there is an increase 
in the permeability of the larger penetrant as the initial FFV increases in the membrane. 
The case of 25% of fi ller in AF 2400 is peculiar, since a change in the selectivity is 
observed: the membrane is n - butane selective at low activity and becomes n - pentane 
selective at higher activity values.   
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     Figure 7.7     Infi nite dilution diffusion coeffi cient of (a) n - C 4  and (b) n - C 5  in the polymeric 
phase of mixed matrices based on AF 2400 as a function of FFV.   β   coeffi cient for diffusion 
of (c) n - C 4  and (d) n - C 5  in the mixed matrices based on AF 2400 as a function of FFV  

 It is apparent that, for the case of the n - C 4 /n - C 5  pair, the matrices considered are vapour -
 selective (solubility selective), meaning that they are more permeable to the more con-
densable penetrant, and that the selectivity increases with increasing penetrant pressure. 
It is also clear from Figure  7.9  that the n - C 5 /n - C 4  selectivity of the matrices, at fi xed 
permeability, decreases with increasing fi ller content. In any event, the behaviour of the 
matrices with the higher inorganic content would be much closer to a hypothetical trade -
 off curve traced for this particular mixture for vapour selective materials. Of course the 
ideal values of selectivity obtained above from pure vapour measurements could be dif-
ferent from the actual case of mixed gases in the feed, in which different interactions take 
place between the penetrants and between penetrants and polymer phase.   
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   7.5    Conclusions 

 Mixed matrix membranes based on fl uorinated high free volume matrices loaded with 
fumed silica nanoparticles show attractive features, especially if compared to unloaded 
polymeric membranes. The addition of fi ller changes the FFV of the glassy polymeric 
matrix, thus positively affecting both solubility and diffusivity. A simple procedure has 
been proposed to calculate the relevant properties of the MMM, which is based on limited 
experimental data represented by the solubility isotherm of a test penetrant and few values 
of diffusion coeffi cients. The unexpected behaviour shown by the MMM obtained by 
using nano - fi ller loadings can be properly described by the method developed. The 
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     Figure 7.8     Permeability of (a) n - C 4  and (b) n - C 5  in Tefl on AF 2400 - based mixed matrices 
at 25    ° C, versus penetrant partial pressure. (c) Permeability ratio at infi nite dilution  
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method has proved to be useful also for the determination of the diffusion coeffi cient and 
for an estimation of the permeability in the composite materials. The evaluation of the 
contributions of the permeability can hence be used to determine the ideal selective 
behaviour of the composite membrane. 

 We believe that the procedure can be properly applied also for the case of MMM 
obtained by loading glassy matrices with other nano - fi llers and can be a useful tool to 
develop better mixed matrix membranes.  
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  Tomoyuki     Suzuki   ,    Yasuharu     Yamada   ,    Jun     Sakai    and    Kumi     Itahashi  
  Department of Biomolecular Engineering, Kyoto Institute of Technology, Matsugasaki, 

Kyoto, Japan       

    8.1    Introduction 

 Gas separation processes using polymeric membranes have greatly been developed during 
the last three decades. Especially, polyimides have been of great interest in gas separation 
membranes because of their high gas selectivity and excellent thermal and mechanical 
properties. In this regard, gas transport properties have been reported for a large number 
of polyimides  [1 – 4] . In recent years, novel triamine - based hyperbranched polyimides 
(HBPIs) have been synthesized and characterized with the aim to assess their potential 
as high - performance gas separation materials. Fang  et al.  have synthesized HBPIs derived 
from a triamine, tris(4 - aminophenyl)amine (TAPA), and commercially available dia-
nhydrides and studied their physical and gas transport properties  [5,6] . These studies 
demonstrated that HBPIs have good gas separation performance compared to linear - type 
polyimides. In our previous work, gas transport properties of the HBPI prepared by poly-
condensation of a triamine, 1,3,5 - tris(4 - aminophenoxy)benzene (TAPOB), and a dianhy-
dride, 4,4 ′  - (hexafl uoroisopropylidene)diphthalic anhydride (6FDA), have been investigated, 
and it has been found that the 6FDA - TAPOB HBPI exhibits high gas permeability and 
selectivity arising from the characteristic hyperbranched structure  [7] . 
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 Organic – inorganic hybrids (often called mixed matrix membranes) are attractive materi-
als since they generally possess desirable properties (combination of high permeability 
and permselectivity). Hybridization with inorganic compounds has been focused on the 
modifi cation of polyimides in order to improve their thermal, mechanical and gas transport 
properties  [8 – 10] . We have also reported that gas transport properties of 6FDA - TAPOB 
HBPI – silica hybrid membranes prepared by sol – gel reaction using tetramethoxysilane 
(TMOS) have been investigated and compared with those of linear - type 6FDA - based 
polyimide – silica hybrid membranes synthesized with 1,4 - bis(4 - aminophenoxy)benzene 
(TPEQ) and 1,3 - bis(4 - aminophenoxy)benzene (TPER) as diamine monomers  [11] . Figure 
 8.1  shows ideal CO 2 /CH 4  selectivity (  α  (CO 2 /CH 4 )) of 6FDA - based polyimide – silica hybrid 
membranes. It is found that gas permeability and   α  (CO 2 /CH 4 ) of the HBPI – silica hybrid 
membranes signifi cantly increase with increasing silica content, suggesting characteristic 
distribution and interconnectivity of free volume elements created by the incorporation 
of silica  [12,13] .   

 In this paper, physical and gas transport properties of HBPIs synthesized with various 
dianhydride monomers and their silica hybrid membranes prepared by sol – gel reaction 
with two kinds of alkoxysilanes, TMOS and methyltrimethoxysilane (MTMS), individu-
ally or simultaneously, are discussed. The methyl group of MTMS will prevent the forma-
tion of robust three - dimensional Si – O – Si network in the hybrid membranes. It is expected 
that the loose Si – O – Si network formed from MTMS induces unique physical and gas 
transport properties of the hybrid membranes.  

     Figure 8.1     Ideal CO 2 /CH 4  selectivity (  α  (CO 2 /CH 4 )) of 6FDA - based polyimide – silica 
hybrid membranes plotted against CO 2  permeability coeffi cient; attached number 
represents silica content (wt%) in the membrane  



Physical and Gas Transport Properties 145

     Figure 8.2     Chemical structures of monomers and alkoxysilanes  

   8.2    Experimental 

   8.2.1    Materials 

 TAPOB was synthesized by reduction of 1,3,5 - tris(4 - nitrophenoxy)benzene with palla-
dium carbon and hydrazine in methanol  [14] . 6FDA was kindly supplied from Daikin 
Industries, Ltd. Pyromellitic dianhydride (PMDA) and 4,4 ′  - oxidiphthalic anhydride 
(ODPA) were obtained from Daicel Chemical Industries, Ltd. and Manac Incorporated, 
respectively. TMOS, MTMS, 3 - aminopropyltrimethoxysilane (APTrMOS), and  N,N  -
 dimethylacetamide (DMAc) were purchased from Aldrich. Chemical structures of mono-
mers and alkoxysilanes are shown in Figure  8.2 .    

   8.2.2    Polymerization 

 3   mmol of dianhydride (6FDA, PMDA, and ODPA) was dissolved in 40   mL of DMAc in 
a 100   mL three - neck fl ask under N 2  fl ow at room temperature. To this solution, 1.6   mmol 
of TAPOB in 20   mL of DMAc was added dropwise through a syringe with stirring for 
3   h. After that 0.4   mmol of APTrMOS was added in the reaction mixture with stirring for 
1   h to afford hyperbranched polyamic acid.  

   8.2.3    Membrane Formation 

 The HBPI – silica hybrid membranes were prepared by thermal imidization and sol – gel 
reaction with two kinds of alkoxysilanes, TMOS and/or MTMS. Appropriate amounts of 
TMOS and/or MTMS and ion exchange water were added in the DMAc solution of the 
hyperbranched polyamic acids. For TMOS/MTMS combined system, TMOS and MTMS 
were added to achieve equivalent weight fraction of silica components arising from 
TMOS and MTMS. The mixed solutions were stirred for 24   h and cast on PET fi lms and 
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dried at 85    ° C for 3   h. The prepared membranes were peeled off and subsequently imidized 
at 100    ° C for 1   h, 200    ° C for 1   h, and 300    ° C for 1   h in a heating oven under N 2  fl ow. The 
thickness of the HBPI – silica hybrid membranes was about 30    μ m. A schematic diagram 
for the hybrid membrane preparation is shown in Scheme  8.1 .    

   8.2.4    Measurements 

 Infrared (IR) spectra were recorded on a JASCO FT/IR - 460 plus. UV/VIS optical trans-
mittances were investigated by a JASCO V - 530 UV/VIS spectrometer at a wavelength 

     Scheme 8.1     Preparation of hyperbranched polyimide – silica hybrid membrane  



Physical and Gas Transport Properties 147

of 200 – 800   nm. Thermogravimetric – differential thermal analysis (TG - DTA) experiments 
were performed with a Seiko TG/DTA6300 at a heating rate of 10    ° C/min under air fl ow. 
Thermal mechanical analysis (TMA) measurements were carried out using a Seiko TMA/
SS6100 at a heating rate of 5    ° C/min under N 2  fl ow. CO 2 , O 2 , N 2  and CH 4  permeation 
measurements were carried out by a constant volume/variable pressure apparatus at 
76   cmHg and 25    ° C. The permeability coeffi cient,  P  (cm 3 (STP)   cm/cm 2    s   cmHg), was 
determined by the following equation  [15] ;

    P
A

L

p

V

RT

p

t
= 22414 d

d
    (8.1)  

where  A  is the membrane area (cm 2 ),  L  is the membrane thickness (cm),  p  is the upstream 
pressure (cmHg),  V  is the downstream volume (cm 3 ),  R  is the universal gas constant 
(6236.56   cm 3    cmHg/mol   K),  T  is the absolute temperature (K), and d p /d t  is the permeation 
rate (cmHg/s). The gas permeability coeffi cient can be explained on the basis of the 
solution - diffusion mechanism, which is represented by the following equation  [16,17] ;

    P D S= ×     (8.2)  

where  D  (cm 2 /s) is the diffusion coeffi cient and  S  (  cm STP cm cmHgpolym
33 ( ) ) is the solu-

bility coeffi cient. The diffusion coeffi cient was calculated by the time - lag method repre-
sented by the following equation  [18] ;

    D
L=

2

6θ
    (8.3)  

where   θ   (s) is the time - lag. Density of the pure HBPIs was measured by the fl oating 
method with bromoform and 2 - propanol at 25    ° C. According to the group contribution 
method, fractional free volume (FFV) of a polymer can be estimated by the following 
equation  [19] ;

    FFV
V V

V
sp w

sp

=
−1 3.

    (8.4)  

where  sp  (cm 3 /mol) is the specifi c molar volume which can be calculated from the experi-
mental density,   ρ   (g/cm 3 ), and V w  (cm 3 /mol) is the van der Waals volume of the repeat unit.   

   8.3    Results and Discussion 

   8.3.1    Polymer Characterization 

 Figure  8.3  shows FT - IR spectra of the 6FDA - TAPOB HBPI – silica hybrid mem-
branes containing 30 wt% of silica prepared with various alkoxysilanes. The bands 
observed around 1784   cm  − 1  (C = O asymmetrical stretching), 1725   cm  − 1  (C = O symmetrical 
stretching), 1378   cm  − 1  (C – N stretching), and 723   cm  − 1  (C = O bending) are characteristic 
absorption bands of polyimides  [6,20] . In contrast, the characteristic band of polyamic 
acids around 1680   cm  − 1  is not found. These results indicate that the prepared membranes 
are well imidized. For MTMS and TMOS/MTMS combined systems, the bands around 
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1272 and 783   cm  − 1 , assigned to Si – CH 3  stretching and rocking, respectively  [9] , are also 
observed. The absorption bands at approximately 960 – 1280 and 410 – 480   cm  − 1 , identifi ed 
as asymmetric stretching and rocking modes of the Si – O – Si group, respectively  [9,21] , 
are observed, indicating the formation of Si – O – Si network in the hybrid membranes. For 
the TMOS system, the strong absorption bands of the Si – O – Si asymmetric stretching 
appear around 1180 and 1090   cm  − 1 . On the other hand, for the MTMS system, they appear 
around 1120 and 1030   cm  − 1  with the red shift in turn to a lower wavenumber. The red 
shift of the absorption bands reveals decreasing bonding energy and increasing bond 
distance of the bond between Si and O atoms in the Si – O – Si network  [21] . Therefore, 
for the MTMS system, the red shift of the Si – O – Si peaks suggests the formation of a 
looser silica network caused by the methyl group in MTMS which function as a terminat-
ing substituent in the formation of Si – O – Si bonds to perturb microstructure of resulting 
silica matrix. In addition, it is pointed out that the absorption bands of the Si – O – Si asym-
metric stretching for the TMOS/MTMS combined system are the overlap of those for 
TMOS and MTMS systems, suggesting the formation of Si – O – Si network with an inter-
mediate structure. Similar behaviours are observed for PMDA and ODPA systems.   

 Optical transmittances of the hybrid membranes are shown in Table  8.1 . The hybrid 
membranes have high homogeneity and silica particles are fi nely dispersed in the HBPIs 

     Figure 8.3     FT - IR spectra of 6FDA - TAPOB HBPI – silica hybrid membranes (silica 
content   =   30 wt%)  
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  Table 8.1    Physical properties of HBPI – silica hybrid membranes 

   Sample     Transmittance  1)  
(%)   

    T  g  ( ° C)       Td
5 ( ° C)     Silica content  2)  

(wt%)   
   CTE  3)  
(ppm/ ° C)    

   6FDA - TAPOB     88.9    282    457    0    54  
  TMOS, 10 wt% SiO 2     89.9    305    490    10    47  
  TMOS, 20 wt% SiO 2     90.2    311    496    20    38  
  TMOS, 30 wt% SiO 2     90.3    318    509    30    31  
  TMOS/MTMS, 10 

wt% SiO 2   
  89.6    286    487    10    50  

  TMOS/MTMS, 20 
wt% SiO 2   

  90.1    299    494    18    48  

  TMOS/MTMS, 30 
wt% SiO 2   

  89.8    301    502    29    46  

  TMOS/MTMS, 40 
wt% SiO 2   

  89.1    303    509    40    41  

  TMOS/MTMS, 50 
wt% SiO 2   

  91.6    n.d.  4)      515    48     –   

  MTMS, 10 wt% SiO 2     90.2    278    471    10    59  
  MTMS, 20 wt% SiO 2     90.1    281    480    19    66  
  MTMS, 30 wt% SiO 2     91.4    287    496    30    73  
  MTMS, 40 wt% SiO 2     91.3    291    501    39    74  
  MTMS, 50 wt% SiO 2     91.7    n.d.  4)      505    48     –   
   ODPA - TAPOB     85.8    272    470    0    52  
  TMOS, 10 wt% SiO 2     87.0    276    494    10    45  
  TMOS, 20 wt% SiO 2     87.5    289    504    20    38  
  TMOS, 30 wt% SiO 2     88.2    291    506    30    32  
  TMOS/MTMS, 10 

wt% SiO 2   
  86.6    272    484    12    49  

  TMOS/MTMS, 20 
wt% SiO 2   

  88.3    279    491    21    47  

  TMOS/MTMS, 30 
wt% SiO 2   

  90.5    281    501    31    41  

  MTMS, 10 wt% SiO 2     86.1    259    474    11    54  
  MTMS, 20 wt% SiO 2     87.5    263    484    21    61  
  MTMS, 30 wt% SiO 2     89.8    267    496    30    64  
   PMDA - TAPOB     85.2    326    464    0    35  
  TMOS, 10 wt% SiO 2     85.9    n.d.  4)      490    14    35  
  TMOS, 20 wt% SiO 2     85.1    n.d.  4)      497    22    32  
  TMOS, 30 wt% SiO 2     86.6    n.d.  4)      505    31    29  
  TMOS/MTMS, 10 

wt% SiO 2   
  86.7    n.d.  4)      482    12    42  

  TMOS/MTMS, 20 
wt% SiO 2   

  86.7    n.d.  4)      489    21    39  

  TMOS/MTMS, 30 
wt% SiO 2   

  88.4    n.d.  4)      501    31    39  

  MTMS, 10 wt% SiO 2     86.5    n.d.  4)      475    13    42  
  MTMS, 20 wt% SiO 2     87.7    n.d.  4)      484    24    53  
  MTMS, 30 wt% SiO 2     88.9    n.d.  4)      500    33    56  

   1)   Optical transmittance at 600   nm.  
  2)   Determined from the residual at 800    ° C.  
  3)   CTE at 100 – 150    ° C.  
  4)   Not detected.   
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     Figure 8.4     Glass transition temperature ( T  g ) (a) and 5% weight - loss temperature (  Td
5) 

(b) of 6FDA - TAPOB HBIP – silica hybrid membranes plotted against silica content  

because of their good transparency, similar to corresponding pure HBPIs without silica. 
The high homogeneity is considered to be maintained not only by APTrMOS moiety 
which functions as covalent bond parts between organic and inorganic components but 
also by the characteristic hyperbranched structure of the molecular chains.   

 Thermal properties of the hybrid membranes were investigated by TG - DTA and TMA 
measurements. From  T  g  curves it was again demonstrated that the prepared membranes 
are well imidized because no weight - losses attributed to dehydration by imidization are 
observed all through the measurements. Glass transition temperature ( T  g ) determined from 
DTA curves and 5% weight - loss temperature (  Td

5) of the hybrid membranes are summa-
rized in Table  8.1  in addition to the silica content determined from the residual at 800    ° C. 
It is confi rmed from the residual that all hybrid membranes contain appropriate amount 
of silica as expected. The  T  g  and   Td

5 values of the 6FDA - TAPOB HBPI – silica hybrid 
membranes are plotted against silica content in Figure  8.4 .   Td

5 of the hybrid membranes 
increases with increasing silica content. This result indicates the increase in thermal 
stability of the HBPIs by hybridization with silica. The  T  g  of the TMOS system consider-
ably increases with increasing silica content, suggesting the formation of robust three -
 dimensional Si – O – Si network. However, for the MTMS system, the  T  g  shows a minimum 
value at low silica content region, and the  T  g  of the TMOS/MTMS combined system is 
lower than that of the TMOS system. This fact suggests that the introduction of MTMS 
leads to an insuffi cient formation of three - dimensional Si – O – Si network, which brings 
about less constraint of molecular chains in the hybrid membranes compared to the hybrid 
membranes prepared solely with TMOS.   

 Coeffi cients of thermal expansion (CTEs) from 100 to 150    ° C of the hybrid membranes 
are listed in Table  8.1 . The CTE of the TMOS system greatly decreases with increasing 
silica content, indicating the enhancement of thermal mechanical stability of the HBPIs 
by the formation of robust three - dimensional Si – O – Si network. In contrast, the CTE of 
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the MTMS system increases with increasing silica content. The increased CTE might be 
caused by a loose Si – O – Si network which induces an effective disruption of molecular 
chains packing and, as a result, provides a large amount of free volume elements  [22] . 
The increased free volume decreases the hindrance of thermal expansion of molecular 
chains. The CTE of the TMOS/MTMS combined system shows the intermediate value 
between those of TMOS and MTMS systems.  

   8.3.2    Gas Transport Properties of  HBPI  – Silica Hybrid Membranes 

 Gas permeability, diffusion and solubility coeffi cients of the HBPI – silica hybrid mem-
branes are summarized in Tables  8.2 – 8.4 , respectively. Gas permeability of pure 6FDA -
 TAPOB HBPI is higher than that of pure PMDA -  and ODPA - TAPOB HBPIs, owing to 
its higher diffusivity. It is well known that gas diffusivity of polymers strongly depends 
on the fractional free volume (FFV)  [23,24] . Densities of pure 6FDA - , PMDA -  and 
ODPA - TAPOB HBPIs are 1.433, 1.399 and 1.396   g/cm 3 , respectively, and the FFVs of 
them calculated from Equation  (8.4)  are 0.165, 0.138 and 0.129, respectively. The highest 
diffusivity of the 6FDA - TAPOB HBPI is, therefore, attributed to the highest FFV. Figure 
 8.5  shows CO 2  permeability, diffusion and solubility coeffi cients of 6FDA - TAPOB 
HBPI – silica hybrid membranes plotted against silica content. Gas permeability coeffi -
cients of the hybrid membranes increase with increasing silica content. The increased 
permeability suggests additional formation of free volume holes effective for gas transport 
behaviour. Similar enhancement of free volume holes has been reported by Merkel  et al.  
for high - free - volume, glassy polymer – nanosilica composites, and they have concluded 
that the nanosilica particles provide disruption of polymer chain packing and affect gas 
transport parameters  [25,26] . He  et al.  have also reported that nano - sized inorganic fi llers 
incorporated into high - free - volume, glassy polymers with rigid molecular chains can 
function as a spacer material which disrupts molecular chain packing, leading to increases 
in fractional free volume and gas permeability  [27] . It is worth noting, for MTMS and 
TMOS/MTMS combined systems, signifi cant improvements of gas permeability are 
mainly caused by the increased diffusivity observed. The enormous improvements of gas 
diffusivity suggest large enhancements of mean size and maybe total amount of free 
volume elements attributed to the loose Si – O – Si networks by the incorporation of methyl 
groups for MTMS and TMOS/MTMS combined systems.      

   8.3.3    O 2 /N 2  and CO 2 /CH 4  Selectivities of  HBPI  – Silica Hybrid Membranes 

 The ideal gas selectivity for the combination of gases A and B (  α  (A/B)) is defi ned by the 
following equation  [28] ;

    α α αA B
A

B

A

B

A

B
A B A B( ) =

( )
( )

=
( )
( )

×
( )
( )

= ( ) × ( )P

P

D

D

S

S
D S     (8.5)  

where   α   D (A/B) is the diffusivity selectivity and   α   S (A/B) is the solubility selectivity. The 
O 2 /N 2  and CO 2 /CH 4  selectivities of the hybrid membranes are listed in Tables  8.2 – 8.4  
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  Table 8.2    Permeability coeffi cients and ideal selectivity of HBPI – silica hybrid membranes 
at 76   cmHg and 25    ° C 

   Sample     P    ×    10 10 , (cm 3 (STP)cm/cm 2    s cmHg)       α  (O 2 /N 2 )       α  (CO 2 /CH 4 )  

   CO 2      O 2      N 2      CH 4   

   6FDA - TAPOB     7.4    1.5    0.23    0.098    6.8    75  
  TMOS, 10 wt% SiO 2     10    2.0    0.31    0.13    6.6    79  
  TMOS, 20 wt% SiO 2     13    2.1    0.32    0.16    6.7    82  
  TMOS, 30 wt% SiO 2     23    3.0    0.46    0.24    6.6    95  
  TMOS/MTMS, 10 

wt% SiO 2   
  13    2.7    0.41    0.20    6.6    65  

  TMOS/MTMS, 20 
wt% SiO 2   

  28    5.4    0.89    0.45    6.0    62  

  TMOS/MTMS, 30 
wt% SiO 2   

  44    7.9    1.3    0.74    5.9    59  

  TMOS/MTMS, 40 
wt% SiO 2   

  72    12    2.3    1.4    5.2    53  

  TMOS/MTMS, 50 
wt% SiO 2   

  133    22    4.5    2.8    5.0    48  

  MTMS, 10 wt% SiO 2     23    4.4    0.75    0.45    5.9    51  
  MTMS, 20 wt% SiO 2     53    9.5    1.9    1.5    4.9    34  
  MTMS, 30 wt% SiO 2     99    18    4.1    4.1    4.3    24  
  MTMS, 40 wt% SiO 2     158    28    7.6    10    3.7    15  
  MTMS, 50 wt% SiO 2     251    46    14    20    3.4    12  
   ODPA - TAPOB     0.63    0.13    0.013    0.0064    10    98  
  TMOS, 10 wt% SiO 2     0.93    0.18    0.017    0.0094    11    98  
  TMOS, 20 wt% SiO 2     0.88    0.17    0.017    0.0078    10    112  
  TMOS, 30 wt% SiO 2     1.2    0.22    0.024    0.011    9.0    111  
  TMOS/MTMS, 10 

wt% SiO 2   
  1.3    0.27    0.029    0.022    9.1    58  

  TMOS/MTMS, 20 
wt% SiO 2   

  2.6    0.48    0.062    0.038    7.7    68  

  TMOS/MTMS, 30 
wt% SiO 2   

  6.7    1.2    0.16    0.11    7.3    62  

  MTMS, 10 wt% SiO 2     1.8    0.37    0.052    0.036    7.2    51  
  MTMS, 20 wt% SiO 2     3.9    0.85    0.13    0.092    6.7    43  
  MTMS, 30 wt% SiO 2     17    3.1    0.61    0.64    5.1    26  
   PMDA - TAPOB     3.3    0.59    0.088    0.066    6.7    50  
  TMOS, 10 wt% SiO 2     4.1    0.69    0.11    0.069    6.4    60  
  TMOS, 20 wt% SiO 2     4.6    0.71    0.10    0.063    7.0    73  
  TMOS, 30 wt% SiO 2     7.1    1.0    0.15    0.073    6.8    97  
  TMOS/MTMS, 10 

wt% SiO 2   
  4.8    0.76    0.12    0.081    6.5    59  

  TMOS/MTMS, 20 
wt% SiO 2   

  13    1.9    0.31    0.22    6.1    58  

  TMOS/MTMS, 30 
wt% SiO 2   

  33    4.9    0.89    0.68    5.5    48  

  MTMS, 10 wt% SiO 2     9.3    1.5    0.25    0.21    5.9    44  
  MTMS, 20 wt% SiO 2     30    4.8    1.0    1.0    4.6    30  
  MTMS, 30 wt% SiO 2     55    8.8    2.2    2.5    4.0    22  
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  Table 8.3    Diffusion coeffi cients and diffusivity selectivity of HBPI – silica hybrid 
membranes at 76   cmHg and 25    ° C 

   Sample     D    ×    10 8  (cm 2 /s)       α   D (O 2 /N 2 )       α   D (CO 2 /CH 4 )  

   CO 2      O 2      N 2      CH 4   

   6FDA - TAPOB     0.30    1.4    0.25    0.028    5.8    11  
  TMOS, 10 wt% SiO 2     0.35    1.5    0.29    0.026    5.2    13  
  TMOS, 20 wt% SiO 2     0.37    1.3    0.25    0.030    5.3    12  
  TMOS, 30 wt% SiO 2     0.57    1.7    0.29    0.040    5.8    14  
  TMOS/MTMS, 10 

wt% SiO 2   
  0.59    2.1    0.46    0.060    4.7    9.9  

  TMOS/MTMS, 20 
wt% SiO 2   

  1.2    4.0    0.90    0.090    4.4    13  

  TMOS/MTMS, 30 
wt% SiO 2   

  1.7    5.9    1.2    0.17    5.1    10  

  TMOS/MTMS, 40 
wt% SiO 2   

  2.6    7.9    1.8    0.25    4.4    11  

  TMOS/MTMS, 50 
wt% SiO 2   

  5.2    14    3.7    0.63    3.7    8.2  

  MTMS, 10 wt% SiO 2     1.0    3.8    0.83    0.13    4.5    8.1  
  MTMS, 20 wt% SiO 2     2.6    8.7    2.2    0.42    4.0    6.0  
  MTMS, 30 wt% SiO 2     5.4    16    4.8    1.2    3.4    4.4  
  MTMS, 40 wt% SiO 2     9.9    28    9.3    3.7    3.0    2.7  
  MTMS, 50 wt% SiO 2     17    46    17    6.8    2.6    2.5  
   ODPA - TAPOB     0.030    0.16    0.021    0.0019    7.7    16  
  TMOS, 10 wt% SiO 2     0.039    0.19    0.025    0.0025    7.6    16  
  TMOS, 20 wt% SiO 2     0.033    0.17    0.022    0.0021    7.6    16  
  TMOS, 30 wt% SiO 2     0.040    0.19    0.024    0.0026    7.6    15  
  TMOS/MTMS, 10 

wt% SiO 2   
  0.071    0.36    0.060    0.011    6.1    6.3  

  TMOS/MTMS, 20 
wt% SiO 2   

  0.13    0.54    0.10    0.016    5.2    8.4  

  TMOS/MTMS, 30 
wt% SiO 2   

  0.34    1.3    0.24    0.027    5.4    13  

  MTMS, 10 wt% SiO 2     0.12    0.54    0.11    0.012    5.0    9.4  
  MTMS, 20 wt% SiO 2     0.33    1.1    0.23    0.037    4.6    9.1  
  MTMS, 30 wt% SiO 2     1.1    3.6    0.89    0.25    4.1    4.3  
   PMDA - TAPOB     0.14    0.57    0.11    0.020    5.0    6.9  
  TMOS, 10 wt% SiO 2     0.16    0.64    0.11    0.023    5.9    7.1  
  TMOS, 20 wt% SiO 2     0.14    0.53    0.090    0.012    5.9    12  
  TMOS, 30 wt% SiO 2     0.19    0.61    0.11    0.019    5.3    10  
  TMOS/MTMS, 10 

wt% SiO 2   
  0.17    0.70    0.13    0.019    5.4    9.4  

  TMOS/MTMS, 20 
wt% SiO 2   

  0.45    1.6    0.34    0.071    4.6    6.4  

  TMOS/MTMS, 30 
wt% SiO 2   

  1.1    3.2    0.77    0.13    4.1    8.5  

  MTMS, 10 wt% SiO 2     0.43    1.0    0.35    0.066    2.9    6.5  
  MTMS, 20 wt% SiO 2     1.5    4.8    1.5    0.40    3.2    3.8  
  MTMS, 30 wt% SiO 2     2.8    9.0    3.6    0.71    2.5    4.0  
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and   α  (O 2 /N 2 ) and   α  (CO 2 /CH 4 ) are plotted against O 2  and CO 2  permeability coeffi cients 
in Figures  8.6  and  8.7 , respectively.    

 In Figure  8.6 ,   α  (O 2 /N 2 ) values of the hybrid membranes slightly decrease with increas-
ing O 2  permeability along with the upper bound trade - off line for O 2 /N 2  separation dem-
onstrated by Robeson  [29] . Nevertheless, the hybrid membranes show relatively high 
  α  (O 2 /N 2 ) values just below the upper bound. 

  Table 8.4    Solubility coeffi cients and solubility selectivity of HBPI – silica hybrid membranes 
at 76   cmHg and 25    ° C 

   Sample     S    ×    10 2  (  cm STP cm cmHgpolym
33( ) )       α   S (O 2 /

N 2 )  
     α   S (CO 2 /
CH 4 )     CO 2      O 2      N 2      CH 4   

   6FDA - TAPOB     25    1.1    0.92    3.5    1.2    7.0  
  TMOS, 10 wt% SiO 2     30    1.4    1.1    5.0    1.3    5.9  
  TMOS, 20 wt% SiO 2     35    1.7    1.3    5.2    1.3    6.8  
  TMOS, 30 wt% SiO 2     41    1.8    1.6    6.0    1.1    6.7  
  TMOS/MTMS, 10 wt% SiO 2     22    1.3    0.90    3.3    1.4    6.6  
  TMOS/MTMS, 20 wt% SiO 2     24    1.4    1.0    4.9    1.4    4.9  
  TMOS/MTMS, 30 wt% SiO 2     26    1.3    1.2    4.4    1.2    5.9  
  TMOS/MTMS, 40 wt% SiO 2     27    1.5    1.3    5.5    1.2    5.0  
  TMOS/MTMS, 50 wt% SiO 2     26    1.6    1.2    4.4    1.3    5.8  
  MTMS, 10 wt% SiO 2     23    1.2    0.90    3.6    1.3    6.3  
  MTMS, 20 wt% SiO 2     21    1.1    0.90    3.7    1.2    5.6  
  MTMS, 30 wt% SiO 2     19    1.1    0.86    3.4    1.3    5.4  
  MTMS, 40 wt% SiO 2     16    1.0    0.82    2.7    1.2    5.8  
  MTMS, 50 wt% SiO 2     15    1.0    0.79    3.0    1.3    4.9  
   ODPA - TAPOB     21    0.81    0.60    3.3    1.3    6.3  
  TMOS, 10 wt% SiO 2     24    0.98    0.70    3.8    1.4    6.2  
  TMOS, 20 wt% SiO 2     26    1.0    0.78    3.6    1.3    7.2  
  TMOS, 30 wt% SiO 2     29    1.2    1.0    4.0    1.2    7.3  
  TMOS/MTMS, 10 wt% SiO 2     18    0.74    0.49    2.0    1.5    9.1  
  TMOS/MTMS, 20 wt% SiO 2     20    0.90    0.61    2.4    1.5    8.1  
  TMOS/MTMS, 30 wt% SiO 2     20    0.92    0.69    4.0    1.3    5.0  
  MTMS, 10 wt% SiO 2     16    0.69    0.48    2.9    1.4    5.4  
  MTMS, 20 wt% SiO 2     12    0.80    0.54    2.5    1.5    4.7  
  MTMS, 30 wt% SiO 2     16    0.85    0.69    2.6    1.2    5.9  
   PMDA - TAPOB     24    1.0    0.77    3.3    1.3    7.3  
  TMOS, 10 wt% SiO 2     26    1.1    1.0    3.1    1.1    8.5  
  TMOS, 20 wt% SiO 2     32    1.3    1.1    5.3    1.2    6.0  
  TMOS, 30 wt% SiO 2     38    1.7    1.3    4.0    1.3    9.7  
  TMOS/MTMS, 10 wt% SiO 2     27    1.1    0.89    4.4    1.2    6.3  
  TMOS/MTMS, 20 wt% SiO 2     29    1.2    0.93    3.1    1.3    9.2  
  TMOS/MTMS, 30 wt% SiO 2     29    1.5    1.1    5.1    1.3    5.7  
  MTMS, 10 wt% SiO 2     22    1.4    0.71    3.2    2.0    6.7  
  MTMS, 20 wt% SiO 2     20    1.0    0.69    2.5    1.5    7.9  
  MTMS, 30 wt% SiO 2     19    1.0    0.60    3.5    1.6    5.5  
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     Figure 8.5     CO 2  permeability (a), diffusion (b) and solubility (c) coeffi cients of 6FDA -
 TAPOB HBPI – silica hybrid membranes plotted against silica content  

     Figure 8.6     Ideal O 2 /N 2  selectivity (  α  (O 2 /N 2 )) of HBPI – silica hybrid membranes plotted 
against O 2  permeability coeffi cient  

 For CO 2 /CH 4  separation, more attractive behaviour is observed (Figure  8.7 ). The values 
of   α  (CO 2 /CH 4 ) of the hybrid membranes prepared solely with TMOS increase with 
increasing silica content in connection with increased CO 2  permeability. The remarkable 
CO 2 /CH 4  separation behaviour of the HBPI – silica hybrid membranes prepared with 
TMOS is considered to be due to the characteristic distribution and interconnectivity of 
free volume elements created by the incorporation of silica, which provides a size -
 selective CO 2 /CH 4  separation ability  [11] . On the other hand,   α  (CO 2 /CH 4 ) values of the 
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MTMS systems decrease with increasing CO 2  permeability in connection with increased 
silica content as similar as the cases of conventional polymeric membranes. The distinc-
tive difference between TMOS and MTMS systems is considered to be due to the differ-
ences in mean size and total amount of free volume elements created by the incorporation 
of silica. The size - selective CO 2 /CH 4  separation ability of the hybrid membranes prepared 
with MTMS is sacrifi ced by excess enhancements of mean size and total amount of free 
volume elements although CO 2  permeability of the MTMS systems is markedly increased. 
It should be noted the CO 2 /CH 4  separation ability of the TMOS/MTMS combined systems 
shows an intermediate behaviour between those of TMOS and MTMS systems. As shown 
in Figure  8.7 ,   α  (CO 2 /CH 4 ) of the TMOS/MTMS combined systems have high values and 
tend to exceed the upper bound for CO 2 /CH 4  separation  [29]  with increasing CO 2  perme-
ability or silica content. Especially, 6FDA - TAPOB HBPI – silica hybrid membranes 
contain more than 20 wt% of silica show high   α  (CO 2 /CH 4 ) values, exceeding the upper 
bound. Although a similar tendency of improvement of CO 2 /CH 4  separation ability has 
been reported for some linear - type polyimide – silica hybrid membranes  [9] , such unique 
improvements of both CO 2  permeability and CO 2 /CH 4  separation ability for the TMOS/
MTMS combined system observed in this study have not been yet reported. This fact 
indicates that mean size and distribution of free volume elements in the TMOS/MTMS 
combined systems are successfully controlled for effi cient CO 2 /CH 4  separation and, as a 
result, the TMOS/MTMS combined systems show simultaneous large enhancements of 
CO 2  permeability and CO 2 /CH 4  separation ability.   

     Figure 8.7     Ideal CO 2 /CH 4  selectivity (  α  (CO 2 /CH 4 )) of HBPI – silica hybrid membranes 
plotted against CO 2  permeability coeffi cient  
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   8.4    Conclusions 

 Physical and gas transport properties of HBPI – silica hybrid membranes prepared by the 
sol – gel method with two kinds of alkoxysilanes, TMOS and MTMS, were investigated. 
From the comparison of FTIR spectra for the TMOS and MTMS systems, the red shift 
of the Si – O – Si peaks is observed for the hybrid membranes prepared with MTMS, sug-
gesting the formation of a looser Si – O – Si network caused by the methyl groups in MTMS, 
which induce large enhancements of mean size and total amount of free volume elements 
compared to those of the TMOS system. Thermal stabilities of the hybrid membranes are 
essentially improved by hybridization with silica. The  T  g  and   Td

5 of the hybrid membranes 
increase with increasing silica content, resulting from the formation of three - dimensional 
Si – O – Si network. However, the  T  g  values slightly decrease at low silica content region 
for MTMS and TMOS/MTMS combined systems due to the insuffi cient and loose forma-
tion of three - dimensional Si – O – Si network and the enhanced free volume holes. The CTE 
of the TMOS system greatly decreases with increasing silica content, and in contrast, the 
CTE of the MTMS system increases with increasing silica content. CO 2 , O 2 , N 2 , and CH 4  
permeability coeffi cients of the hybrid membranes increase with increasing silica content 
because of additional formation of free volume elements. In particular, MTMS and 
TMOS/MTMS combined systems show enormous improvements of gas diffusivity 
because of large enhancements of mean size and total amount of free volume elements 
attributed to loose Si – O – Si networks. The TMOS/MTMS combined systems also exhibit 
simultaneous large enhancements of CO 2  permeability and CO 2 /CH 4  separation ability. 
This fact indicates the mean size and distribution of free volume elements in the TMOS/
MTMS combined systems are successfully controlled to achieve the unique selective CO 2 /
CH 4  separation ability, and are expected to apply to high - performance gas separation 
membranes.  
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  Zbigniew J.     Grzywna   ,    Aleksandra     Rybak    and    Anna     Strzelewicz  
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    9.1    Introduction 

 Nowadays, obtaining cheap high purity gases or enriched gas mixtures (the air, in particu-
lar) is a very important problem in industry and medicine as well as in everyday life  [1] . 
Methods for air separation or oxygen enrichment can be divided into two groups  [2,3] : 
cryogenic and non - cryogenic. The gaseous oxygen and nitrogen market is dominated by 
cryogenic distillation of air, and vacuum swing adsorption  [4] . Of the non - cryogenic 
methods, selective adsorption on zeolites and carbon adsorbents are available  [5,6] , and 
more and more attention is attracted to the membrane separation techniques  [7,8] . The 
success of polymeric membranes has been largely based on their mechanical and thermal 
stability, along with good gas separation properties. The process of membrane separation 
is continuous, has a low capital cost, low power consumption, and the membranes, at 
least in gas separation, do not require regeneration  [3] . In the case of gas separation two 
groups of factors have to be taken into account: solution - diffusion properties of membrane 
materials and molecular size differences of components. For similar - sized molecules such 
as oxygen and nitrogen, permselectivities  P (O 2 )/ P (N 2 ) are usually less than 10 in tradi-
tional polymer membranes, and it prevents the high degree of oxygen enrichment easily 
achieved in the cryogenic industry. In this situation a certain breakthrough was needed. 
Different approaches have been applied to improve performance of polymeric mem-
branes, e.g. use of carbon molecular sieving (CMS) membranes or application of mixed 
matrix membranes  [9 – 11] . Further development resulted in higher O 2 /N 2  selectivity of 
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membranes (up to 14  [12 – 14] , i.e. about 80% of oxygen in the permeate or oxygen 
enriched stream). Efforts in various directions performed by another group  [15 – 23]  did 
not result in creation of very selective polymeric membranes. 

 The challenge with air, when separation by polymer membrane is concerned, is to 
provide conditions for differences (other than sorption and diffusion properties) in mass 
transport between oxygen and nitrogen. The idea of  ‘ magnetic membranes ’  was intro-
duced, and described briefl y, only recently  [24 – 26] , based on the observation that oxygen 
and nitrogen have quite different magnetic properties, i.e. oxygen is paramagnetic whereas 
nitrogen diamagnetic, which gives a real chance for their separation. This idea can be 
utilized in at least two ways: magnets dispersed in a membrane ( ‘ magnetic membranes ’ ), 
and a magnetic fi eld applied on both sides of the permeation cell ( ‘ magnetic cell ’ ). Of 
course, using both would be the most effective.  

   9.2    Formulation of the Problem 

 To separate gas mixtures one should take into account one of two (partly interrelated) 
factors by which gas components could differ, and which lead to an effective separation: 
solution - diffusion properties and molecular size differences of the components. Separation 
can be based on differences of molecular size, i.e. in the medium (a membrane) that 
behaves like a molecular sieve. In cases of similar sized molecules, like oxygen and 
nitrogen, the separation in polymer membranes can be also accomplished due to the dif-
ferences thermodynamic properties of the penetrants. The gas mixture is made to pass 
through the membrane by applying a pressure difference on either side of the membrane 
(which causes the chemical potential gradient within the membrane). Differences in per-
meability result not only from diffusivity differences of the various gas species but also 
from differences in physico - chemical interactions of these species within the polymer 
 [27] . A challenge with air, when separation by polymer membrane is concerned, is to 
provide conditions for differences (other than solution - diffusion) in mass transport 
between oxygen and nitrogen. The necessary differences can appear by introduction of a 
magnetic fi eld which actively infl uences the oxygen transport, and is supposed to be 
neutral to nitrogen. A magnetic fi eld gives rise to the  ‘ drift term ’  in the overall oxygen 
transport, i.e. a deterministic term of a value dependent on the magnetic fi eld induction. 
We consider a model of the mass transport system consisting of one or two gases, per-
meating through a dense membrane of thickness  l . At the membrane boundaries for  x    =   0 
and  x    =    l , concentrations  c  0  and 0 are posed, respectively (Figure  9.1 ).   

 The fi rst approximation to the mathematical description reads
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 for initial and boundary conditions (indexes 1 and 2 refer to oxygen and nitrogen, 
respectively). 
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 The experiment enabled the measurement of the permeation rates  [25] , whereas the 
composition of mixture was determined using a gas chromatograph. 

   9.2.1    One - component Permeation Process  –  Fick ’ s and Smoluchowski Equation 

 The second of Fick ’ s law (Equation  9.2 ) can be used as a sort of the reference point for 
describing a permeation process of one component gas (N 2 , O 2 ) through a dense polymeric 
membrane with no external fi eld. Functional dependence of the diffusion coeffi cient on 
coordinate, time or concentration can result from different types of circumstances, i.e. 
when the membrane is heterogeneous  [28] , is subjected to some relaxation phenomena 
 [29,30] , or membrane transport is accompanied by some other processes, like adsorption, 
etc.  [9,12] .
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where  D ( · ) takes the  D ( c ),  D ( x ) or  D ( t ) form. To provide a coherent frame for this sort 
of approach we repeat several formulae for Fick ’ s permeation. 

 The simplest case of the diffusion equation with constant diffusion coeffi cient  D  with 
initial and boundary conditions for permeation reads
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C (0,t) = C0

FEED PERMEATE

l

C (l,t) = 0

     Figure 9.1     Schematic membrane with boundary conditions and direction of fl ow  



162 Membrane Gas Separation

1

C(x,t)

0,8

t1 t2 t3... tn

0,6

0,4

0,2

0

–0,2

0,2 0,4 0,6 0,8 1

x

1,20

     Figure 9.2     Solution of Equation  (9.3) , i.e. concentration profi les, as a function of  x  
and  t   .  Reprinted with permission from Journal of Membrane Science, Studies on the air 
membrane separation in the presence of a magnetic fi eld by Anna Strzelewicz and 
Zbigniew J. Grzywna, 294, 1 – 2, 60 – 67 Copyright (2007) Elsevier Ltd 

 Solution of Equation  (9.3)  in the form of a Fourier series discussed by Crank  [31]  has a 
form
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 The diffusive fl ux  J ( x ,  t ) can be obtained from Equation  (9.4)  using the defi nition of fl ux:
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 to get a form
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 In case of functional dependence of diffusion coeffi cients, the system (Equation  9.3 ) can 
be solved numerically if an analytical solution is not known. To start with, the diffusion 
equation is rewritten as a difference quotient  [32] :
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 Figure  9.2  shows the solution of Equation  (9.3) , i.e. a concentration profi le as a function 
of  x  for some chosen values of  t .   

 When other processes accompany diffusion (for example reaction) or when an external 
fi eld is present, Equation  (9.3)  must be modifi ed by adding the appropriate terms. If a 
potential fi eld acts on a system (in our case magnetic), we add the  ‘ drift term ’  to Equation 

 (9.3) , i.e.   w
c

x

∂
∂

, to get fi nally the Smoluchowski equation  [33] :
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where  D  is the constant diffusion coeffi cient, and  w  is the constant drift coeffi cient. 
 One of the ways to get an analytical solution of the Smoluchowski equation is to use 

some transformations, which reduce the Smoluchowski equation into Fick ’ s equation 
 [34,35] . The interesting fact is that for suffi ciently large  ‘  w  ’ , the solution of the 
Smoluchowski equation behaves like a  ‘ travelling wave ’ , i.e. it starts to behave like a 
solution of the following equation:
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and represents a unidirectional wave motion with velocity  w . Figure  9.3  shows the con-
centration profi les for steady state of Smoluchowski equation for different values of the 
drift coeffi cient.   

 For the steady state, Equation  (9.8)  takes the form
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 which gives the formula for concentration profi le  c  s ( x )
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 shown in Figure  9.3 . 
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     Figure 9.3     Concentration profi les for steady state of Smoluchowski equation for different 
values of the drift coeffi cient:  w    =   0.1,  w    =   1,  w    =   5 and  w    =   10  
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 We might also consider the problem of diffusion with a chemical reaction. In a suffi -
ciently strong magnetic fi eld, molecular clusters can be formed. For the case of air, the 
clusters N 2  - O 2  - O 2  are preferable  [36] . This can be regarded as a problem of diffusion with 
chemical reaction, which has described  [31,37] 
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where  k  0  is the rate constant,  k ( x ) is the distribution function, and  f ( c ) is the reaction 
kinetic term,  ‘  w  ’ , means the drift coeffi cient, as before. The term  ‘ chemical reaction ’  has 
a rather formal meaning, and can represent also adsorption or  ‘ trapping ’  processes.  

   9.2.2    Diffusion Equation for Two - component Gas Mixture (Without and With 
a Potential Field) 

 A diffusion process, in the simplest case described by the Fick ’ s law, for the multicom-
ponent diffusion is described by its generalization to an  n  - component system  [38,39] . The 
fl ux has then a form:
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 In this chapter we consider the separation of a binary mixture by a dense membrane. The 
simplest case i.e. when  D ij   is constant, is represented by a system (14):
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 with initial and boundary conditions:
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 In general, the coeffi cients are not symmetric, i.e.  D ij      ≠     D ji  . The diagonal terms are called 
the  ‘ main term ’  coeffi cients, while off diagonal terms, i.e.  D ij, i    ≠    j  , are called the  ‘ cross - term ’  
coeffi cients  [38,39] . In fact, they represent the degree of coupling between the diffusing 
gas components. The set (Equation  9.14 ) can be solved numerically. The fi nite - difference 
method gives the following schemes:
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     Figure 9.4     Concentration profi les – solutions of Equation  (9.14)  for constant coeffi cients 
 D  11    =   1,  D  12    =   0.13,  D  21    =   0.14,  D  22    =   1.1, for different times: (a) concentration profi les 
for component 1 of the mixture; (b) concentration profi les for component 2 of the 
mixture.  Reprinted with permission from Journal of Membrane Science, Studies on the air 
membrane separation in the presence of a magnetic fi eld by Anna Strzelewicz and 
Zbigniew J. Grzywna, 294, 1 – 2, 60 – 67, Copyright (2007) Elsevier Ltd   

 Figure  9.4  shows the concentration profi les of  c  1 ( x , t ), and  c  2 ( x , t ), i.e. solution of 
Equation  (9.14)  with conditions shown in Equation  (9.15) .   

 In the case of the presence of an additional force which acts on one component of a 
permeating gas mixture, the system shown in Equation  (9.14)  must be modifi ed. We add 

the drift term, i.e.   w
c

x

∂
∂

, to the fi rst equation of Equation  (9.14) , and now it reads:
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 along with the initial and boundary conditions shown in Equation  (9.15) . 
 The resulting concentration profi les for large values of the drift term are presented in 

Figure  9.5 .   
 Since our system (Equation  9.17 ) is weakly coupled, we can collect rough, but still 

essential information, about separation by analysis of just a single equation addressed to 
the particular air components, i.e. Fick ’ s equation to the nitrogen, and the Smoluchowski 
equation to the oxygen, respectively.   

   9.3    Experimental 

   9.3.1    Membrane Preparation 

 Flat ethylcellulose membranes of thickness 28 – 80    μ m and EC magnetic membranes of 
thickness 90 – 202    μ m (depending on magnetic powder granulation and on the amount of 
added powder) were used. Both types of fi lms were made by casting. The solution in 
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40:60 ethanol/toluene with EC concentration of 3% was poured into a Petri dish, and 
evaporated at room temperature for 24   h. Magnetic membranes were made by pouring the 
3% ethylcellulose solution with a dispersed magnetic neodymium powder (of appropriate 
granulation 20 – 50    μ m) into a Petri dish, and then evaporated in external fi eld of a coil 
(stable magnetic fi eld with range of induction 0 – 40   mT) for 24   h. Magnetic membranes 
with 1.0 – 10.5% of neodymium powder content in polymer solution and 19.1 – 73.0% in 
dry membrane, were obtained  [25,26] . 

 The membranes were removed from the Petri dish (with some distilled water), and 
dried at 40    ° C. For membranes with dispersed magnetic powder, the permeation measure-
ments were carried out before (just powder) and after magnetization (magnetic mem-
branes). Magnetic induction of this fi eld was approximately of 2   T. Teslameter FH 54 was 
used for measurement of magnetic induction. The membranes were stored in an desiccator 
under vacuum conditions. We have also tested polyphenyleneoxide (PPO) membranes 
 [40 – 44] , courtesy of B. Kruczek (Faculty of Engineering, University of Ottawa, Canada).  

   9.3.2    Experimental Setup 

 The experimental setup APG - 1 (Figure  9.6 ), described elsewhere  [25] , was used for 
measurement of the nitrogen, oxygen and air permeability. For pure gases and gas mixture 
permeation experiments, compressed gas cylinders of O 2 , N 2 , and air (21% O 2 /79% N 2 ) 
were supplied by Praxair. This setup was furnished with a gas chromatograph HP 5890A, 
which let us measure the oxygen and nitrogen concentration in the permeate. The main 
part of this experimental setup was a diffusive chamber, where the membrane in the 
form of a disc was placed. The membrane effective area was 19.63   cm 2 . This setup was 
used for a low - pressure (from 0.1 to 1.0   MPa) analysis of gas permeation. After installa-
tion of membrane in the diffusive chamber, we have rinsed this chamber with an appro-
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     Figure 9.5     Concentration profi les – solutions of Equation  (9.17)  with conditions (Equation 
 9.15 ) for constant diffusion coeffi cients  D  11    =   1,  D  12    =   0.13,  D  21    =   0.14,  D  22    =   1.1, and 
drift coeffi cient  w    =   10, for different times: (a) concentration profi les for component 1 of 
the mixture; (b) concentration profi les for component 2 of the mixture. Reprinted with 
permission from Journal of Membrane Science, Studies on the air membrane separation in 
the presence of a magnetic fi eld by Anna Strzelewicz and Zbigniew J. Grzywna, 294, 1 – 2, 
60 – 67, Copyright (2007) Elsevier Ltd  
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     Figure 9.6     Scheme of the experimental setup APG - 1. G, gas cylinder; F, fl owmeter; DRF, 
digital registrar of fl owmeter; PC, pressure controller; DCP, digital controller of pressure; 
M, diffusive chamber; GC, gas chromatograph  

priate gas. Then, between the high -  and low - pressure part of a chamber, a suitable pressure 
difference was established (0.3 – 0.7   MPa) and controlled by an electronic pressure meter 
and controller EL - press P - 506C (the error of the measurement of step change in a feed 
pressure, about 0.2   s, is very low, and repeatable, for all the measurements). After that, 
the fl ow rate of the permeate was recorded using a Flow - Bus fl owmeter (with a range 
0 – 3   ml/min) with a computer data acquisition. All measurements were carried out at 
room temperature. Using fl ow rate data, air enrichment and transport coeffi cients were 
calculated.    

   9.3.3    Time Lag Method and D1 - D8 System 

 In the experiments we were able to measure the fl ux and then, after integration with 
respect to time, we obtain a downstream permeation curve (shown in Figure  9.7 ) where 
the typical plot of  Q  a ( l , t ) versus time is presented.   

 The most important parameter is the average diffusion coeffi cient   D̄  , calculated from 
the stationary permeation data. To calculate this coeffi cient, we have used experimental 
data (the thickness of membrane  l , a stationary fl ux  J  S  and   Δ c  0 , obtained from an intercept 
of the asymptote to the stationary permeation curve with the  Q  a ( l , t ) axis) (Figure  9.7 ).
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 We can get some insight into the nature of the transport process by comparing   D̄   with 
the value of diffusion coeffi cient  D  L , calculated by the time lag method, obtained as an 
intercept of the asymptote to the stationary permeation curve with the time axis (Figure 
 9.7 ):
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 If   D̄     =    D  L , the diffusion is supposed to be  ‘ ideal Fickian ’ , unless there are some hidden 
processes, like a drift, which are not included in this simple protocol  [31] . In fact, in case 
of the  ‘ magnetic membranes ’  the presence of a drift is almost certain. 

 Having the drift and time lag values, the average diffusion coeffi cient can be calculated 
from a proper theory from which the following formula for time lag can be derived  [37] .
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 To understand properly air enrichment by the  ‘ magnetic membranes ’  we had to estimate 
the values of   Δ c  0 , i.e. an equilibrium concentration of the air components (no sorption 
experiments have been carried out). Since   Δ c  0  is not measured (in this chapter), we have 
to calculate it. The most realistic value of   Δ c  0  can be estimated by comparing its values 
obtained by the different methods. 

 The fi rst method is based on the determination of the permeability coeffi cient:

t

Qa(l,t) point for checking     
oxygen content

early time zone

late time zone

stationary state

La(l)-lco/6 6 La(l)

     Figure 9.7     Downstream absorption permeation curve  –  a schematic view.  Reprinted with 
permission from Journal of Membrane Science, On the air enrichment by polymer 
magnetic membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 336, 1 – 2, 79 – 85, 
Copyright (2009) Elsevier Ltd   
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     Figure 9.8     An example of early - time permeation curve according to Equation  (9.22). 
 Reprinted with permission from Journal of Membrane Science, On the air enrichment by 
polymer magnetic membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 336, 1 – 2, 
79 – 85, Copyright (2009) Elsevier Ltd    
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 We have to remember that the solubility coeffi cient for a pure EC is known. We do not 
know, however, its dependence on the parameters of the experiments with a magnetic 
fi eld! 

 The subsequent three methods are based on analysis of  Q  a ( l , t ) (see Figure  9.7 ). If we 

are to deal with an  ‘ ideal Fickian ’  description of a permeation process, the value   − lc0

6
 

can be pointed out as an intercept of the asymptote to the stationary permeation curve 
with  Q  a ( l , t ) axis. 

 The next two ways use a description of transient, early -  and late - time zones. 
 For an early - time we can use a formula  [45] 
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 which can be presented as a   ln ,t J l ta1 2 ⋅ ( )[ ] versus   
1
t  graph (Figure  9.8 ).  D  3  could be 

obtained from the slope of the asymptote to the early - time permeation curve, and  D  4 , along 
with  c  0 , can be obtained from the intercept of the asymptote with   ln ,t J l ta1 2 ⋅ ( )[ ] axis.   

 While, for the late - time permeation, we get  [45] 
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and consequently   ln , ,Q l t Q l ta
s
a( ) − ( )[ ] versus  t  graph (Figure  9.9 ).  D  5  could be obtained 

from the slope of the asymptote to the late - time permeation curve, and  c  0  from the inter-
cept of the asymptote with   ln , ,Q l t Q l ta

s
a( ) − ( )[ ] axis.   

 We have collected the data for the oxygen and nitrogen, both for individual gases 
and a mixture of the components of air, and analysed the system using formulas 
(18 – 23).  

   9.3.4    Permeation Data 

 The main permeation data are collected in Tables  9.1 ,  9.2  and Figure  9.10 . The data 
presented are the mean values of six measurements with standard deviations.     

 Results 6 and 9 from Table  9.2  were obtained by using a newly designed permeation 
cell with strong magnets on both sides of a membrane. The percentage of air enrichment 
was directly measured, while the value of  B  in this case was just estimated. Values of 
calculated oxygen content in the permeate originate from theoretical consideration  [24] . 
We can see that theoretical expectations are in really good agreement with experimental 
data. But, if we present the measured oxygen content in the permeate as a function of the 
magnetic induction (Figure  9.11 ) we can see the tendency of deviation from the linear 
relationship.     

 All that might be due to the infl uence of a strong magnetic fi eld in which nitrogen and 
oxygen form aggregates  [36]  which carry more nitrogen, and spoil, in a sense, the separa-
tion process.   
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     Figure 9.9     An example of late - time permeation curve according to Equation  (9.23). 
Reprinted with permission from Journal of Membrane Science, On the air enrichment by 
polymer magnetic membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 336, 1 – 2, 
79 – 85, Copyright (2009) Elsevier Ltd   
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  Table 9.1    Mass transport coeffi cients for various membranes 

   No.     Membrane     B (mT)     N 2 , pure     N 2 , in air  

   P     ×    10 7     La(l)      Δ c  0      P     ×    10 7     La(l)      Δ c  0   

      cm cm cm s cmHgSTP
23( ) ( )      (s)        cm cmSTP

3 3( )         cm cm cm s cmHgSTP
23( ) ( )      (s)        cm cmSTP

3 3( )   
  1    Flat EC    0.00    0.19    ±    0.01    1.37    ±    0.10    0.71    ±    0.05    0.19    ±    0.01    1.21    ±    0.01    0.50    ±    0.04  
  2    EC   +   1.30   g 

of Nd  
  0.00    0.22    ±    0.01    1.23    ±    0.10    0.73    ±    0.07    0.22    ±    0.01    1.31    ±    0.01    0.39    ±    0.04  

  3    EC   +   1.23   g 
of Nd  

  0.50    0.31    ±    0.01    0.52    ±    0.04    0.71    ±    0.05    0.46    ±    0.01    0.47    ±    0.01    0.37    ±    0.03  

  4    EC   +   1.38   g 
of Nd  

  0.79    0.34    ±    0.01    1.03    ±    0.10    0.73    ±    0.07    0.94    ±    0.01    0.35    ±    0.01    0.37    ±    0.03  

  5    EC   +   1.49   g 
of Nd  

  1.25    0.42    ±    0.02    0.83    ±    0.07    0.72    ±    0.07    1.98    ±    0.02    0.30    ±    0.01    0.39    ±    0.04  

   No     Membrane     B (mT)     O 2 , pure     O 2 , in air  

  P . 10 7     La(l)      Δ  c 0     P . 10 7     La(l)      Δ  c 0   

      cm cm cm s cmHgSTP
23( ) ( )      (s)        cm cmSTP

3 3( )         cm cm cm s cmHgSTP
23( ) ( )      (s)        cm cmSTP

3 3( )   
  1    Flat EC    0.00    0.23    ±    0.01    1.21    ±    0.10    0.63    ±    0.05    0.22    ±    0.01    1.17    ±    0.01    0.11    ±    0.01  
  2    EC   +   1.30   g 

of Nd  
  0.00    0.24    ±    0.01    1.35    ±    0.10    0.60    ±    0.05    0.22    ±    0.01    1.26    ±    0.01    0.12    ±    0.01  

  3    EC   +   1.23   g 
of Nd  

  0.50    0.52    ±    0.01    0.51    ±    0.05    0.62    ±    0.05    0.77    ±    0.01    0.45    ±    0.01    0.11    ±    0.01  

  4    EC   +   1.38   g 
of Nd  

  0.79    0.63    ±    0.01    0.56    ±    0.06    0.63    ±    0.05    2.23    ±    0.01    0.32    ±    0.01    0.11    ±    0.01  

  5    EC   +   1.49   g 
of Nd  

  1.25    1.18    ±    0.02    0.52    ±    0.05    0.64    ±    0.05    5.79    ±    0.01    0.23    ±    0.01    0.12    ±    0.01  

 Source: Reprinted with permission from Journal of Membrane Science, On the air enrichment by polymer magnetic membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 
336, 1 – 2, 79 – 85 Copyright (2009) Elsevier Ltd 
   *      Δ c  0  was obtained using a late time permeation curve according to Equation  (9.23) . Other methods mentioned above could be used only in the case of the suffi cient amount of 
data, and for an  ‘ ideal Fickian ’  description of a permeation process.  
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     Figure 9.10     Downstream absorption permeation curves for various polymer and 
magnetic membranes. Points marked as: squares, magnetic membrane with  B    =   1.25   mT; 
stars, magnetic membrane with  B    =   0.79   mT; triangles, magnetic membrane with 
 B    =   0.50   mT; asterisk, plane EC membrane  

  Table 9.2    Comparison of measured and calculated air enrichment data for various 
membranes 

   No     Membrane     B (mT)     Measured oxygen 
content in permeate (%)  

   Predicted (calculated) oxygen 
content in permeate (%)  

  1    EC    0.00    23.8    ±    1.0    25.0  
  2    EC 0.0     0.00    22.1    ±    1.1    25.0  
  3    EC 0.50     0.50    30.7    ±    1.1    33.3  
  4    EC 0.79     0.79    40.7    ±    1.1    38.2  
  5    EC 1.25     1.25    43.8    ±    1.1    45.8  
  6    EC 2.25     2.25    55.6    ±    1.4    62.5  
  7    PPO    0.00    37.4    ±    1.2     –   
  8    PPO 1.70     1.70    54.1    ±    1.4     –   
  9    PPO 2.70     2.70    61.9    ±    1.5     –   

   9.4    Results and Discussion 

 We have found (Table  9.3 ) that EC fi lms for pure and mixed components as well as 
EC   +   Nd/N 2  form ideal Fickian systems, while EC   +   Nd/N 2  air, EC   +   Nd/O 2  and EC   +   Nd/
O 2  air, do not. Based on that we can calculate   D̄   and   Δ c  0  from the appropriate  ‘ ideal ’  
permeation curve to get a sort of a reference point for non - ideal cases.   

 We can separate the drift and diffusion in an overall fl ux assuming that the diffusional 
contribution to the overall fl ux is magnetic fi eld independent.
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l

DJBi = + wBiΔc0
Δc0

plane EC drift 

    (9.24)  

    J J w cBi Bi= +0 0Δ     (9.25)   

 Here  ‘ B i  ’  stands for magnetic induction of a membrane. The drift coeffi cient can be cal-
culated for an imposed induction  B  from equation:

    w
J J

c
Bi

Bi= − 0

0Δ
    (9.26)  

and its values for different values of  B  are collected in Table  9.4 .   
 As can be seen from Table  9.5  (pure gases) the infl uence of drift is meaningful only 

for oxygen, whose transport is strongly affected by the magnetic fi eld.   
 Quite a different situation happens for air transport through magnetic membranes (i.e. 

with a nonzero induction), where much larger differences between the nitrogen and 
oxygen diffusion coeffi cients were observed (Table  9.6 ). Surprisingly, it was found that 
not only is oxygen transport affected by the magnetic fi eld, but the nitrogen diffusion is 
as well.   
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     Figure 9.11     Dependence of the oxygen content in permeate vs. magnetic fi eld induction. 
Points marked as rhombus were obtained in experiment, points marked as squares were 
predicted by the theory  
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  Table 9.3    Diffusion coeffi cients for ideal, and non - ideal, Fickian systems 

   Membrane     Ideal Fickian system  

   N 2  pure     O 2  pure     N 2  in air     O 2  in air  

    D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5    

    10 5  (cm 2 /s)      10 5  (cm 2 /s)      10 5  (cm 2 /s)      10 5  (cm 2 /s)  

   Flat EC     0.8   
 ±   

 0.2  

  0.8    
±    

0.2  

  1.1    
±    

0.2  

  0.9    
±    

0.1  

  1.1  
  ±    

0.2  

  1.1  
  ±    

0.1  

  1.0    
±   

 0.1  

  1.1  
  ±   

 0.2  

  1.0  
  ±   

 0.1  

  1.2    
±    

0.1  

  0.9  
  ±   

 0.2  

  0.9  
  ±    

0.2  

  1.1  
  ±   

 0.4  

  0.9  
  ±    

0.1  

  1.1  
  ±    

0.2  

  0.9  
  ±   

 0.1  

  0.9  
  ±    

0.1  

  1.4    
±   

 0.2  

  1.0    
±    

0.1  

  1.2  
  ±    

0.1  
   EC   +   1.30   g 

Nd   
  1.3  
  ±    

0.2  

  1.1  
  ±   

 0.2  

  1.4  
  ±   

 0.3  

  1.3    
±    

0.2  

  0.9  
  ±   

 0.2  

   out of the case      out of the case      out of the case   

   EC   +   1.38   g 
Nd   

  1.4    
±    

0.3  

  1.0    
±    

0.2  

  1.3  
  ±   

 0.3  

  1.1  
  ±    

0.2  

  0.9    
±    

0.2  

   out of the case      out of the case      out of the case   

   Membrane     Non - ideal Fickian system  

   N 2  pure     O 2  pure     N 2  in air     O 2  in air  

    D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5    

    10 5  (cm 2 /s)      10 5  (cm 2 /s)      10 5  (cm 2 /s)      10 5  (cm 2 /s)  

   EC   +   1.30   g 
Nd   

   out of the case     2.5    
±   

 0.2  

  6.1  
  ±   

 0.6  

  5.2    
±    

0.5  

  0.8    
±    

0.1  

  1.0    
±    

0.1  

  2.2    
±    

0.4  

  6.5  
  ±   

 1.2  

  5.6  
  ±   

 1.0  

  0.7  
  ±    

0.1  

  0.4  
  ±   

 0.1  

  3.2  
  ±    

0.3  

  6.8  
  ±    

0.6  

  8.1  
  ±    

0.3  

  1.0    
±    

0.1  

  0.5    
±    

0.05  
   EC   +   1.38   g 

Nd   
   out of the case     3.0    

±    
0.3  

  8.6    
±    

0.8  

  7.2    
±   

 0.7  

  0.9  
  ±    

0.1  

  1.5  
  ±    

0.1  

  4.5    
±    

0.9  

  11.7  
  ±  

  2.2  

  12.2    
±    

2.4  

  1.2    
±    

0.2  

  1.0    
±   

 0.2  

  9.4  
  ±    

0.9  

  18.6  
  ±    

1.2  

  25.5    
±    

2.7  

  2.5    
±    

0.2  

  1.8  
  ±    

0.15  

  Source: Reprinted with permission from Journal of Membrane Science, On the air enrichment by polymer magnetic membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 
336, 1 – 2, 79 – 85, Copyright (2009) Elsevier Ltd 
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  Table 9.4    Drift coeffi cients estimated via eq. 9.26 for different magnetic induction 

   Membrane     B (mT)      w  10 3  (cm/s)  

  EC   +   1.30   g Nd    0.00    0.01  
  EC   +   1.23   g Nd    0.50    0.91  
  EC   +   1.38   g Nd    0.79    3.10  
  EC   +   1.49   g Nd    1.25    4.70  

 Source: Reprinted with permission from Journal of Membrane Science, On the air enrichment by polymer magnetic 
membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 336, 1 – 2, 79 – 85, Copyright (2009) Elsevier Ltd 

 From what we have shown it is clear that fl at EC shows no selectivity. So it can be 
concluded that the magnetic fi eld, and its strength, has to be a reason for the air enrich-
ment reported in this work. The overall situation is, however, much more complicated. 
As was found by Tagirov  et al.   [36]  the molecular clusters could be formed in suffi ciently 
strong magnetic fi elds. The clusters N 2  – O 2  – O 2  are preferable for the case of air. So it 
means that a magnetic fi eld, when suffi ciently strong, can affect also the transport of N 2  
by means of dragging its clusters along with O 2 . This is exactly the situation that has been 
presented. As can be seen from Table  9.6 , the diffusion coeffi cients increase both for O 2  
and N 2  in air, and the ratio of their values is roughly 2:1, like the composition of a cluster. 
They have much larger values than for pure components. It could simply be explained 
by a larger magnetic dipole being developed on a cluster, and its interaction with the 
magnetic fi eld. This leads to a conclusion that the mechanism of gas transport has no 
solely diffusion character, and for a stronger fi eld drift dominates (see Equations  9.24  and 
 9.25 ), providing the basis for the two components to be separated. 

 As can be seen from Table  9.7 , the fl ux of oxygen in air is smaller than that of the pure 
gas, contrary to nitrogen where the trend is the opposite. As we already have mentioned, 
this is probably due to the clusters forming  [36] . Table  9.7  also shows some interesting, 
directional properties of a mass transport through  ‘ magnetic membranes ’ , i.e. the fl uxes 
measured from two opposite sides are different. The reason for that is straightforward, 
and is simply a consequence of a neodymium powder sedimentation during the membrane 
casting process. The description, analysis, and practical aspects, of this phenomena is 
under our current investigation.   

 Additional interesting information is provided by Table  9.8 , which presents some 
results for PPO magnetic membranes. The idea behind these experiments was to show 
the constructive role of a magnetic fi eld in improving the already good separation proper-
ties of PPO membranes. As can be seen from Tables  9.2  and  9.8 , it works in both direc-
tions, i.e. the air enrichment is remarkably high, and the oxygen fl ux is also bigger, as 
compared with plain PPO membrane  [2,8,46,47] . It can be assumed that the tight structure 
of the PPO membrane cause the deaggregation of N 2  - O 2  - O 2  clusters, while the magnetic 
powder softens the structure a bit.    

   9.5    Conclusions 

 It is clear that the idea of  ‘ magnetic membranes ’  works. There are, however, some obsta-
cles that depend on the kind of membrane used, especially when the stronger magnetic 



  Table 9.5    Diffusion coeffi cients for pure gases 

   Membrane     B 
(mT)  

   N 2  pure     O 2  pure  

    D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5    

    10 5  (cm 2 /s)      10 5  (cm 2 /s)  

   Flat EC     0.00    0.8    ±    0.2    0.8    ±    0.2    1.1    ±    0.2    0.9    ±    0.1    1.1    ±    0.2    1.1    ±    0.1    1.0    ±    0.1    1.1    ±    0.2    1.0    ±    0.1    1.2    ±    0.1  
   EC   +   1.30   g 

Nd   
  0.00    0.9    ±    0.2    1.3    ±    0.22    1.5    ±    0.3    1.1    ±    0.2    1.0    ±    0.2    1.2    ±    0.1    2.2    ±    0.2    3.4    ±    0.5    0.6    ±    0.1    0.9    ±    0.1  

   EC   +   1.30   g 
Nd   

  0.50    1.3    ±    0.2    1.1    ±    0.2    1.4    ±    0.3    1.3    ±    0.2    0.9    ±    0.2    2.5    ±    0.2    6.1    ±    0.6    5.2    ±    0.5    0.8    ±    0.1    1.0    ±    0.1  

   EC   +   1.38   g 
Nd   

  0.79    1.4    ±    0.3    1.0    ±    0.2    1.3    ±    0.3    1.1    ±    0.2    0.9    ±    0.2    3.0    ±    0.3    8.6    ±    0.8    7.2    ±    0.7    0.9    ±    0.1    1.5    ±    0.1  

   EC   +   1.49   g 
Nd   

  1.25    1.8    ±    0.3    1.5    ±    0.3    1.6    ±    0.3    1.0    ±    0.2    1.1    ±    0.2    5.6    ±    0.5    14.3    ±    1.0    13.7    ±    1.1    1.4    ±    0.1    3.4    ±    0.3  

 Source: Reprinted with permission from Journal of Membrane Science, On the air enrichment by polymer magnetic membranes by A. Rybak, Z. J. Grzywna and W. Kaszuwara, 336, 
1 – 2, 79 – 85 Copyright (2009) Elsevier Ltd 



  Table 9.6    Diffusion coeffi cients for nitrogen and oxygen in air 

   Membrane     B 
(mT)  

   N 2  in air     O 2  in air  

    D̄       D L       D 3       D 4       D 5        D̄       D L       D 3       D 4       D 5    

    10 5  (cm 2 /s)      10 5  (cm 2 /s)  

   Flat EC     0.00    0.9    ±    0.2    0.9    ±    0.2    1.1    ±    0.4    0.9    ±    0.1    1.1    ±    0.2    0.9    ±    0.1    0.9    ±    0.1    1.4    ±    0.2    1.0    ±    0.1    1.2    ±    0.1  
   EC   +   1.30g 

Nd   
  0.00    1.0    ±    0.2    2.5    ±    0.4    4.1    ±    0.8    0.1    ±    0.05    0.8    ±    0.1    0.9    ±    0.1    2.8    ±    0.2    3.1    ±    0.3    0.05    ±    0.01    0.6    ±    0.1  

   EC   +   1.30   g 
Nd   

  0.50    2.2    ±    0.4    6.5    ±    1.2    5.6    ±    1.0    0.7    ±    0.1    0.4    ±    0.1    3.2    ±    0.3    6.8    ±    0.6    8.1    ±    0.3    1.0    ±    0.1    0.5    ±    0.05  

   EC   +   1.38   g 
Nd   

  0.79    4.5    ±    0.9    11.7    ±    2.2    12.2    ±    2.4    1.2    ±    0.2    1.0    ±    0.2    9.4    ±    0.9    18.6    ±    1.2    25.5    ±    2.7    2.5    ±    0.2    1.8    ±    0.15  

   EC   +   1.49   g 
Nd   

  1.25    8.9    ±    1.8    24.2    ±    4.2    25.8    ±    4.4    2.0    ±    0.4    2.6    ±    0.4    22.5    ±    1.9    42.9    ±    3.8    51.7    ±    5.2    5.0    ±    0.4    4.9    ±    0.4  
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  Table 9.7    Dependence of the fl ux vs. membrane side A, B for various membranes 

   No.     Membrane     B (mT)     N 2  pure     O 2  pure     N 2  in air     O 2  in air  

  J A     J B     J A     J B     J A     J B     J A     J B   

    10 4   cm cm sSTP
3 2( )  

   1     EC   +   1.30   g 
of Nd  

  0.00    5.41    5.28    8.50    8.58    6.25    6.26    1.65    1.66  

   2     EC   +   1.23   g 
of Nd  

  0.50    4.77    5.16    6.99    8.66    5.85    6.05    2.55    2.69  

   3     EC   +   1.38   g 
of Nd  

  0.79    4.04    4.89    7.24    8.97    7.79    8.05    4.85    5.18  

   4     EC   +   1.49   g 
of Nd  

  1.25    2.16    3.40    7.72    9.56    8.76    9.06    6.85    7.44  

fi eld acts. For example, the creation of N 2  - O 2  - O 2  clusters modifi es the air enrichment 
leading to a less effective process in the case of EC membranes. A careful selection of 
the polymeric matrix can result in a  ‘ magnetic membrane ’  with better properties. Formation 
of these aggregates can be the reason for the difference between theoretical expectations 
and experimental data for oxygen content in the permeate. It means that we have to take 
into account the infl uence of some kind of the  ‘ reaction ’  between oxygen and nitrogen in 
a strong magnetic fi eld, using for example the Smoluchowski equation with reaction term 
for theoretical predictions. 

 One more problem should be discussed in further investigations. We assumed in our 
preliminary mathematical description that membranes are homogeneous. However, the 
method of preparing membranes with magnetic powder by casting suggests that we deal 
with regular heterogeneous membranes. That is why a mathematical description in further 
studies should take into account the  ‘ directional ’  mass transport properties. Diffusion of 
a penetrant in the membrane where diffusion properties are changing in the  x  - direction 
should be expressed in the transport equation by the functional form of the diffusion and 
drift coeffi cients, i.e.  D ij  ( x ) and  w ( x ) in Equation  (9.1) .  
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   x     position (cm)  
   l     thickness of membrane (cm)  
   t     time (s)  
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  Table 9.8    Mass transport coeffi cients for membranes based on PPO matrix 

   Membrane     B 
(mT)  

   N 2  pure     O 2  pure  

  P      D̄       D L       D 3       D 4       D 5      P      D̄       D L       D 3       D 4       D 5    

    . 10 10  
 cm cm cm s cmHgSTP

23( ) ( )  
    10 7  (cm 2 /s)     10 10 

  cm cm cm s cmHgSTP
23( ) ( )  

    10 7  (cm 2 /s)  

   Plane PPO     0.00    2.70  
  ±   

 0.25  

  1.8    
±    

0.4  

  1.6    
±    

0.3  

  1.9    
±    

0.4  

  1.5  
  ±    

0.3  

  1.6  
  ±    

0.3  

  10.01    
±   

 1.11  

  1.2    
±   

 0.2  

  1.3    
±    

0.2  

  1.2  
  ±    

0.3  

  1.4    
±    

0.1  

  1.5    
±   

 0.2  
   PPO   +   1.80   g 

Nd   
  1.70    32.50    

±    
2.98  

  3.3  
  ±    

0.6  

  2.9  
  ±    

0.5  

  3.0    
±    

0.6  

  2.9    
±    

0.5  

  3.4    
±   

 0.7  

  144.0    
±    

8.2  

  13.3  
  ±   

 1.1  

  17.9    
±   

 1.2  

  28.1    
±    

2.3  

  5.3    
±   

 0.5  

  14.7  
  ±   

 1.2  

   Membrane     B 
(mT)  

   N 2  in air     O 2  in air  

  P      D̄       D L       D 3       D 4       D 5      P      D̄       D L       D 3       D 4       D 5    

    . 10 10

   cm cm cm s cmHgSTP
23( ) ( )  

    . 10 7  (cm 2 /s)      . 10 10 
  cm cm cm s cmHgSTP

23( ) ( )  
   10 7  (cm 2 /s)  

   Plane PPO     0.00    3.07    
±    

0.34  

  1.8    
±    

0.3  

  1.8  
  ±   

 0.3  

  1.9    
±    

0.3  

  1.4    
±    

0.1  

  1.4    
±    

0.2  

  10.25    
±    

1.12  

  1.4    
±    

0.1  

  1.3    
±    

0.1  

  1.6  
  ±    

0.2  

  1.2    
±    

0.1  

  1.2  
  ±    

0.1  
   PPO   +   1.80   g 

Nd   
  1.70    54.30  

  ±    
5.01  

  22.7    
±   

 1.1  

  10.3  
  ±   

 0.9  

  51.6    
±   

 3.1  

  13.0  
  ±    

1.0  

  3.0    
±    

0.2  

  241.0   
 ±    

15.0  

  73.1    
±    

6.8  

  29.3    
±    

2.2  

  169.0    
±   

 14.3  

  41.7    
±    

3.0  

  8.8    
±   

 0.8  
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   w     drift coeffi cient (cm/s)  
   c  1 ( x , t )    concentration at position  x  and time  t  for oxygen  
   c  2 ( x , t )    concentration at position  x  and time  t  for nitrogen  
   D ij      diffusion coeffi cients for mixtures,  i,j    =   1 (oxygen), =   2 (nitrogen)  
    D̄      mean diffusion coeffi cient (cm 2 /s)  
   J  S     diffusive mass fl ux in stationary state (  cm cm sSTP

3 2 )  
   J  A,B     diffusive mass fl ux in stationary state on various membrane 

sides A, B  
   L  a ( l )    time lag (s)  
   D  L     diffusion coeffi cient calculated using time lag method (cm 2 /s)  
   P     permeation coeffi cient (  cm cmSTP

3 2)/(cm 3    cmHg   s)  
    Δ p     pressure difference (cmHg)  
   S     sorption coeffi cient (  cm cm cmHgSTP

3 3 )  
   c  0     initial concentration at position  x    =   0 (  cm cmSTP

3 3)  
   D  3     diffusion coeffi cient calculated using  D 1 –  D 8 system (cm 2 /s)  
   D  4     diffusion coeffi cient calculated using  D 1 –  D 8 system (cm 2 /s)  
   D  5     diffusion coeffi cient calculated using  D 1 –  D 8 system (cm 2 /s)  
   J  a ( l , t )    diffusive mass fl ux at position  x    =    l   
   Q  a ( l , t )    penetrant mass which is fl owing out from the membrane (  cm cmSTP

3 2)  

     Q l tS
a ,( )     penetrant mass which is fl owing out from the membrane in stationary 

state (  cm cmSTP
3 2)  

  EC    ethylcellulose  
  PPO    poly(2,6 – dimethyl - 1,4 - phenylene oxide)  
  Nd    neodymium powder  
   J  0     oxygen fl ux for pure EC membrane  
   J  B   i      oxygen fl ux for magnetic membrane with appropriate magnetic 

induction  
   w  B   i      drift coeffi cient  
    Δ c  0     equilibrium concentration of oxygen  
  B  i      magnetic induction,  i    =   0.50, 0.79 and 1.25   mT, respectively  
   k  0     a reaction rate constant  
   k ( x )    the distribution function of an active, reaction points  
   f ( c )    the reaction kinetic term  
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    10.1    Introduction 

 A new industrial revolution is occurring around the world. Rapid improvements in equip-
ment, control, and process confi guration are being made in an attempt to minimize raw 
material consumption and waste production while improving effi ciency.  ‘ Environmentally 
friendly ’  and  ‘ green ’  have become the buzz words for the new millennium. This growing 
environmental awareness represents not just a shift in public opinion but a global recogni-
tion that sustainable practices have become imperative. 

 The focus of much of the new awareness has turned towards examining greenhouse 
gas emissions and their impact on global climate. Greenhouse gases include carbon 
dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), ozone (O 3 ), hydrofl uorocarbons 
(HFCs), perfl uorocarbons (PFCs), and sulfur hexafl uoride (SF 6 )  [1] . Among these gases, 
CO 2 , CH 4 , and N 2 O have become the focal point of efforts to limit climate change since 
these gases are released in large quantities and have signifi cant global warming potential 
(GWP), a measure of the effect of a species on climate based on its ability to absorb 
infrared radiation, the particular location of that absorbance on the spectrum, and atmos-
pheric lifetime. A breakdown of emissions based on their relative climate impacts is 
shown in Figure  10.1 . Reducing emissions of CO 2  from energy production is particularly 
important because those emissions are the largest and fastest growing contributor to 
climate change. In the United States, emissions rose 21.8% during the period 1990 – 2007, 
and has likewise increased in other developing economies  [1] .   
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 As the reality of future limits on CO 2  emissions and the low readiness level of renew-
able energy technologies have become apparent, many businesses, academics, and gov-
ernment agencies have taken an aggressive approach in developing technologies addressing 
CO 2  capture and sequestration. The majority of these technologies focus on fossil energy 
power generation systems since approximately 83% of CO 2  emissions are energy related 
 [2]  and capture from stationary point sources is a more attainable goal than capture from 
mobile sources. 

 The power generation systems currently of greatest research interest are those based 
on combustion and gasifi cation of coal since energy from coal is responsible for more 
than half of electricity production in the United States  [3,4] . Research issues associated 
with CO 2  capture from these systems include minimization of parasitic load, reduction in 
the cost of oxygen production, application of capture technology to existing system 
designs, integration with other power system components, scale - up, and reduction of 
capital costs  [5] . 

 Pulverized coal combustion (PCC) technology, which generates the majority of elec-
tricity in the U.S.  [3] , has been used for more than 100 years with steady improvement 
in effi ciency and reduced pollution. Coal is combusted with air in a boiler to produce 
high - pressure steam. The steam drives a steam turbine coupled with a generator producing 
electricity. Particulates are captured from the fl ue gases exiting the boiler and sub-

sequently the acid gases are removed by selective catalytic reduction and wet lime scrub-
bing. The fl ue gas, which is saturated with moisture after the fl ue gas desulfurization unit, 
contains approximately 10 – 15% CO 2  at atmospheric pressure that is then emitted through 
a stack. Capturing CO 2  from these systems presents a particular challenge. The low pres-
sure, dilute concentration, and a high volume of gas lead to a low driving force for CO 2  
separation. Compressing the large gas volume requires a large parasitic load, and trace 
impurities in the fl ue gas limit the capture technologies that may be used. 

HFCs, PFCs, SF6

2.2%

Nitrous Oxide
5.4%

Methane
8.6%

Other CO2

1.5%

CO2 form
Energy
82.3%

     Figure 10.1     United States greenhouse gas emissions (equivalent global warming basis). 
Reproduced with permission from the National Energy Technology Laboratory (NETL), US 
Department of Energy. Data taken from Energy Information Administration, Emissions of 
Greenhouse Gases in the United States 2006 (Washington D.C., November 2007)  
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 In the integrated gasifi cation combined cycle (IGCC) power generation, oxygen and 
steam react with coal in a gasifi er under pressure producing synthesis gas (syngas), a 
mixture containing CO, CO 2 , H 2 , H 2 O and contaminants. The syngas exits the gasifi er at 
high temperature and pressure, meaning that there is an innate advantage for CO 2  capture 
from IGCC processes compared to conventional pulverized coal combustion systems 
since compression requirements to reach sequestration pressures is appreciably less. 
Contaminants and particulates are removed from the syngas, and the gas is then fed to a 
combustion turbine/generator to produce electricity. The combination of a combustion 
turbine/generator, a heat recovery steam generator, and a steam turbine/generator, known 
as a combined cycle, is more effi cient than conventional systems, allowing for higher 
effi ciency and lower operating costs. Of the two energy production technologies, the 
IGCC process has the potential for higher effi ciency but at increased capital costs. 

 Process effi ciency can be improved in IGCC systems by taking advantage of potential 
benefi ts associated with integration of CO 2  capture and the water gas shift (WGS) reac-
tion. The WGS reaction is exothermic and equilibrium limited under the process 
conditions.

    CO H O H CO kJ mol+ ↔ + = −2 2 2 298 41; ΔH   

 Conventional WGS reactors take advantage of Le Chatelier ’ s principle  [6]  by cooling the 
reacting gases to 533   K and adding steam to increase conversion and produce a shifted 
synthesis gas containing approximately 30% CO 2  and less than 1% CO. 

 Le Chatelier ’ s principle is the basis for the WGS reaction ’ s sensitivity to temperature 
and its tendency to shift towards the products side as the temperature decreases. The 
principle can alternatively be utilized by selectively removing one of the reaction 
products, CO 2  or H 2 . Under these conditions only stoichiometric steam and cooling to the 
separation temperature would be required, allowing for an increase in process effi ciency 
as depicted in Figure  10.2 .   

 Currently CO 2  can be removed from the IGCC system at 313   K using Selexol  [7]  or at 
even lower temperatures with Rectisol  [8] . Such substantial cooling to accommodate the 
low operating temperatures of conventional capture solvents followed by reheating to the 
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     Figure 10.2     The integrated gasifi cation combined cycle (IGCC) with integral water - gas 
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combustion turbine inlet temperature contributes signifi cantly to costs. Additionally, 
water is condensed from the gas stream during the cooling process and cannot then be 
expanded across the turbine to produce electricity. 

 Given the desired high temperature and pressure for CO 2  capture in IGCC systems and 
the current state of the art, major advances in separation technology will be necessary. 
Membranes are one technology with which such advancement might be possible. The 
National Energy Technology Laboratory (NETL) has pursued an approach based on 
supported liquid membranes (SLMs), which consist of a liquid transport medium and a 
solid support. The liquid allows higher diffusivity, leading to an increase in permeability 
over solid membranes and the potential to add chemical complexes which increase CO 2  
solubility, as shown in Figure  10.3 . There are two signifi cant problems in the development 
of practical SLMs: evaporation of the liquid at high temperatures and forcing of the 
transport medium out of the support due to large pressure differentials. A possible solution 
to evaporative failure would be the use of ionic liquids (ILs). Ionic liquids are organic 
salts with melting temperatures below ambient due to their inability to easily form stable 
crystal lattices and associated delocalized charge  [9] . As salts, these materials have 
negligible vapour pressure  [10]  and are also interesting for their considerable thermal 
stability and high CO 2  solubility relative to hydrogen (H 2 ), nitrogen (N 2 ), and methane 
(CH 4 ). Proposed explanations for this high solubility include the interaction of CO 2  and 
the anion occurring through a weak Lewis acid – base interaction and interactions of the 
polar ionic liquid ions with the large quadrupole moment of CO 2   [10 – 16] .   

 The exceptional ability of ionic liquids to absorb CO 2  along with their other chemical 
and physical properties makes them potentially interesting materials for CO 2  separation 
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 [10] . NETL has embarked on a programme to make use of these properties to develop 
technologies for cost effective and effi cient capture and sequestration of the CO 2  emis-
sions from power generation. One of the areas being investigated is the use of ionic liquid 
transport media in supported liquid membranes for high temperature capture applications 
such as the IGCC process.  

   10.2    Experimental 

 The ionic liquid 1 -  n  - hexyl - 3 - methylimidazolium bis(trifl uorosulfonyl)imide, [hmim]
[Tf 2 N], was synthesized and characterized using standard procedures  [17 – 19]  at the 
University of Notre Dame. The ionic liquid 1 - (3 - aminopropyl) - 3 - methylimidazolium 
bis(trifl uoromethylsulfonyl)imide, [H 2 NC 3 H 6 mim][Tf 2 N], was also synthesized and char-
acterized at the University of Notre Dame  [20] . 

 The supported ionic liquid membranes (SILMs) were prepared by depositing the ionic 
liquids [hmim][Tf 2 N] and [H 2 NC 3 H 6 mim][Tf 2 N] on top of cross - linked nylon support 
discs in a shallow glass container. A suffi cient amount of ionic liquid to cover the mem-
brane was used. The membrane was allowed to absorb the ionic liquid for at least 4 hours, 
and then the SILMs were removed from container and blotted dry. Further details 
concerning this procedure were published earlier  [19] . 

 Membrane performance testing was carried out using a constant pressure fl ow system 
equipped with a Clarus 500 gas chromatograph (GC) with twin thermal conductivity 
detector (TCD) and Alltech Hayesep D100/200 packed columns for measurement of the 
permeate and retentate gas compositions. A commercially available fi lter holder was used 
to mount the membrane discs for testing with gas mixtures of known concentration as 
previously described  [19] . 

 Membrane permeabilities for both CO 2  and H 2  and the CO 2 /H 2  separation factor were 
evaluated in the presence of varying concentrations of CO (10, 100, 500   ppm) in mixtures 
containing  ∼ 20 mol% CO 2 ,  ∼ 20% H 2 , and a balance of Ar. Performance was also evalu-
ated in the presence of varying concentrations of H 2 S (10, 100, 500   ppm). 

 Membrane performance was also tested in a simulated fuel gas (SFG) with the follow-
ing gas composition: 30.1% CO 2 , 40.1% H 2 , 1.01% CO, 0.992% CH 4 , 202   ppm H 2 S, and 
balance Ar.  

   10.3    Results 

 Performance testing of supported [hmim][Tf 2 N] membranes was originally carried out 
using gas mixtures containing only CO 2 , H 2  and Ar  [20] . The CO 2  permeability progres-
sively increased over the temperature range from 310   K to 573   K from 3.75    ×    10  − 15    m 2    s  − 1    Pa  − 1  
to over 8.25    ×    10  − 15    m 2    s  − 1    Pa  − 1  (490 – 1085   Barrer), while the selectivity steadily decreased 
with increasing temperature from 9.1 to 1.3. This behaviour is characteristic of solution -
 diffusion without facilitation. 

 CO 2  permeabilities were evaluated using gas mixtures with varying concentrations of 
CO (10   ppm, 100   ppm, 500   ppm, and  ∼ 5   mol%) on the supported [hmim][Tf 2 N] membrane 
over the temperature range 310   K to 423   K, as shown in Figure  10.4 . The CO 2  permeability 
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in gas mixtures containing 10   ppm CO over the temperature range 310   K to 373   K ranged 
from 3.65    ×    10  − 15  to 5.37    ×    10  − 15    m 2    s  − 1    Pa  − 1 , which is lower than the permeability measured 
for the mixture without CO. As the temperature increases the CO 2  permeability in the 
presence of 10   ppm CO increases relative to the permeability without CO. The permeabili-
ties at 423   K and 448   K in the presence of 10   ppm CO are 7.44    ×    10  − 15    m 2    s  − 1    Pa  − 1  and 
8.16    ×    10  − 15    m 2    s  − 1    Pa  − 1  as compared to 6.46    ×    10  − 15    m 2    s  − 1    Pa  − 1  at 423   K and 7.57    ×    10  − 15    
m 2    s  − 1    Pa  − 1  at 473   K with no CO present.   

 In gas mixtures containing 100   ppm CO, CO 2  permeability is 3.82    ×    10  − 15  and 8.58    ×    
10  − 15    m 2    s  − 1    Pa  − 1  at 310   K and 448   K, respectively. These permeabilities represent a slight 
increase in CO 2  permeability over the entire temperature range compared to mixtures not 
containing CO. 

 CO 2  permeabilities in the presence of 500   ppm CO are 3.84    ×    10  − 15  and 6.87    ×    
10  − 15    m 2    s  − 1    Pa  − 1  at 310   K and 423   K, respectively. The observed permeabilities are quite 
similar to or slightly higher than those observed in the absence of CO. 

 Permeabilities for CO 2  in mixtures containing 5% CO show negligible change as com-
pared to CO 2  permeabilities in mixtures without CO for temperatures between 373   K and 
473   K. Below 373   K, the permeability for CO 2  in mixtures without CO was slightly higher 
(3.77    ×    10  − 15  – 5.79    ×    10  − 15    m 2    s  − 1    Pa  − 1 ) than in the mixture with 5% CO (3.28    ×    10  − 15  – 
4.87    ×    10  − 15    m 2    s  − 1    Pa  − 1 ). 

 CO 2  permeability in nylon - supported [hmim][Tf 2 N] displayed Arrhenius behaviour for 
all the CO concentrations tested with the following coeffi cients of determination: 0.987, 
0.989 , 0.989, and 0.997, for the 10   ppm, 100   ppm, 500   ppm, and 5% CO, respectively, 
which is consistent with transport based on physical solubility. 

C
O

2 
P

er
m

ea
bi

lit
y/

m
2 s-1

P
a-1

1000T-1/K-1

473 K

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

423 K 373 K 310 K348 K 323 K
1.00E-14  

1.00E-15

     Figure 10.4     Carbon dioxide permeability of [hmim][Tf 2 N] on cross - linked nylon; 
 �     →    without CO;  �     →    5% CO;  �     →    10   ppm CO;  �     →    100   ppm CO;   Δ      →   
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 The CO 2 /H 2  selectivities for supported [hmim][Tf 2 N] decrease progressively with 
increasing temperature, as shown in Figure  10.5 , as anticipated for a solution diffusion 
mechanism. Differences in the selectivity for varying CO concentrations are quite similar 
ranging from 6.46 to 1.44, 6.20 to 1.30, 6.13 to 1.34, and 4.70 to 1.01 in the temperature 
range 310   K to 423   K for the 10   ppm, 100   ppm, 500   ppm, and 5% CO, respectively. 
The trends are strongly Arrhenius over the entire temperature range with coeffi cients of 
determination of 0.998, 0.998, 0.999, and 0.999 for the 10   ppm, 100   ppm, 500   ppm, and 
5% CO, respectively.   

 The membrane performance of nylon - supported [hmim][Tf 2 N] was measured in gas 
mixtures with varying concentrations of H 2 S, as shown in Figure  10.6 . The CO 2  perme-
ability for mixtures containing 10   ppm H 2 S ranged from 3.33    ×    10  − 15  to 6.04    ×    10  − 15    m 2    s  − 1    Pa  − 1  
in the temperature range from 310   K to 423   K, a slight decrease compared with mixtures 
not containing H 2 S. At H 2 S concentrations of 100   ppm, the CO 2  permeability increased 
from 3.62    ×    10  − 15  to 5.58    ×    10  − 15    m 2    s  − 1    Pa  − 1  in the temperature range from 310   K to 373   K, 
closely matching CO 2  permeability without H 2 S. At 423   K, the CO 2  permeability in the 
presence of 100   ppm H 2 S, 7.03    ×    10  − 15    m 2    s  − 1    Pa  − 1 , was increased as compared to the per-
meability measured in the absence of H 2 S. In mixtures containing 0.9% H 2 S, the CO 2  
permeability increased from 3.00    ×    10  − 15  to 5.40    ×    10  − 15    m 2    s  − 1    Pa  − 1  over the temperature 
range 310   K to 423   K, a uniform decrease from the permeability in mixtures not containing 
H 2 S.   
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     Figure 10.5     Carbon dioxide selectivity of [hmim][Tf 2 N] on cross - linked nylon; 
 �     →    without CO;  �     →    5% CO;  �     →    10   ppm CO;  �     →    100   ppm CO;   Δ      →    
500   ppm CO  
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 The CO 2 /H 2  selectivity for supported [hmim][Tf 2 N], as shown in Figure  10.7 , decreases 
with increasing temperature as anticipated for a solution diffusion mechanism. The CO 2 /
H 2  selectivities for varying H 2 S concentrations are quite similar ranging from 6.53 to 1.37, 
6.71 to 1.33, 6.82 to 1.42, and 7.24 to 1.57 in the temperature range 310   K to 423   K for 
H 2 S concentrations of 10   ppm, 100   ppm, 500   ppm, and 0.9%, respectively. The trends are 
strongly Arrhenius over the entire temperature range with coeffi cients of determination 
of 0.999, 0.995, 0.996, and 0.999 for H 2 S concentrations of 10   ppm, 100   ppm, 500   ppm, 
and 0.9%, respectively.   

 The membrane performance of [H 2 NC 3 H 6 mim][Tf 2 N], which contains a primary amine 
functionality, was also examined and the results shown in Figure  10.8 . The CO 2  
permeability exhibits Arrhenius behaviour with coeffi cient of determination 0.998 in the 
temperature range from 310   K to 368   K. Little change is observed in permeability from 
368   K to 448   K. The CO 2 /H 2  selectivity for supported [H 2 NC 3 H 6 mim][Tf 2 N] increases 
from 9.5 to 13.8 in the temperature range from 310   K to 348   K then decreases from 10.5 
to 3.11 in the range from 373   K to 423   K, creating a selectivity maximum. Ionic liquids 
which contain primary amines such as [H 2 NC 3 H 6 mim][Tf 2 N] are thought to form chemi-
cal complexes with CO 2   [21] . It has been previously suggested that the observed trends 
in permeability and selectivity may be explained by a change in rate - limiting step from 
decomplexation of the CO 2  at low temperature to diffusion of complexed CO 2  at high 
temperatures  [20] .   

 The CO 2  permeability of supported [H 2 NC 3 H 6 mim][Tf 2 N] in the presence of 5% CO 
shows an Arrhenius behaviour as it increases from 2.84    ×    10  − 15  to 5.85    ×    10  − 15    m 2    s  − 1    Pa  − 1  
in the temperature range from 310   K to 423   K with a coeffi cient of determination of 0.971, 
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as shown in Figure  10.8 . The CO 2 /H 2  selectivity in the presence of 5% CO decreases from 
7.82 to 2.64 over the temperature range from 310   K to 423   K and shows a rough Arrhenius 
dependence in Figure  10.9 . In the presence of 0.9% H 2 S, CO 2  permeability for supported 
[H 2 NC 3 H 6 mim][Tf 2 N] increases from 3.87    ×    10  − 16  to 1.10    ×    10  − 15    m 2    s  − 1    Pa  − 1  over the 
temperature range from 310   K to 373   K with a roughly Arrhenius dependence exhibited 
in Figure  10.8 . The CO 2 /H 2  selectivity decreases from 5.14 to 3.72 with a similarly rough 
Arrhenius dependence exhibited in Figure  10.9 . Given the observed Arrhenius behav-
iours, which are consistent with solution - diffusion instead of facilitated transport, it is 
reasonable to suggest that both CO and H 2 S are interfering with the ability of the ionic 
liquid to form complexes with CO 2 .   

 The membrane performance of the supported ionic liquids was examined in a simulated 
fuel gas (SFG) containing both H 2 S and CO. The CO 2  permeability for both supported 
ionic liquids in separations from SFG, as shown in Figure  10.10 , differs in magnitude but 
not trend from that in mixtures not containing contaminants shown in Figure  10.8 . While 
separation from the SFG shows more of an effect on [H 2 NC 3 H 6 mim][Tf 2 N] than on 
[hmim][Tf 2 N]  [20] , the facilitated transport behaviour is only reduced but not eliminated 
as in the case of the higher concentrations of CO and H 2 S. Selectivity results for 
[H 2 NC 3 H 6 mim][Tf 2 N] and [hmim][Tf 2 N] with SFG, as shown in Figure  10.11 , also follow 
similar trends to the [H 2 NC 3 H 6 mim][Tf 2 N] and [hmim][Tf 2 N] mixtures without contami-
nants shown in Figure  10.9 .    

   10.4    Discussion 

 In understanding the similar effects of CO and H 2 S on the macroscopic membrane per-
formance parameters of supported [hmim][Tf 2 N], it is necessary to consider the molecu-
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lar - level interactions of the gases with the liquid ions. The results are initially puzzling 
since it appears that both CO and H 2 S have very little effect on the CO 2  permeability, but 
a substantial effect is observable on CO 2 /H 2  selectivity owing to an increase in H 2  perme-
ability. H 2  permeability is a combination of diffusivity and solubility. Gas diffusivities 
are closely tied to viscosity in ionic liquids  [22 – 24] . If the [hmim][Tf 2 N] viscosity were 
being substantially affected by the presence of CO and H 2 S, it is likely that there would 
be an observable change in CO 2  permeability as well. Since this is not the case, it is 
reasonable to believe that CO and H 2 S are impacting H 2  solubility. Also puzzling is the 
lack of substantial differences in the magnitude of the H 2  solubility effect at different CO 
and H 2 S concentrations. It appears that 10   ppm of CO or H 2 S is a suffi cient concentration 
to saturate the effect. 

 CO solubilities in ionic liquids were reported by Laurenczy  et al.   [25] . The researchers 
noted that the CO solubility is more dependent upon the nature of the ionic liquid than 
H 2  and attributed this to CO ’ s strong dipole moment and greater polarizability. Also 
reported was the greater solubility of CO in ionic liquids made up of the 1 - butyl - 3 -
 methylimidazolium cation and the [Tf 2 N] anion than ionic liquids having the same cation 
and other anions. This result is consistent with CO having relatively strong interactions, 
with the [Tf 2 N] anion. That anion is also known to have strong interactions with CO 2  
associated with weak acid – base interactions  [13,26] . Since H 2 S is also an acid gas, simi-
larly strong interactions are expected between that gas and [Tf 2 N]. 

 Given the strong associations of the polar CO and H 2 S molecules with the ionic liquid, 
one explanation for the increase in H 2  solubility may be a net depolarization effect. By 
closely associating with the anion (and potentially also with the cation), even low con-
centrations of the relatively small, polar gas molecules may decrease the net strength of 
the interactions among the much larger anions and cations, increasing the molar volume 
of the ionic liquid  [7] , represented in Figure  10.12 . The weak interaction of H 2  with the 
ionic liquid causes its solubility to be strongly tied to molar volume  [27,28] . The increase 
in ionic liquid molar volume associated with the presence of CO and H 2 S could result in 
an increased H 2  solubility and permeability which would in turn decrease the CO 2 /H 2  
selectivity.   

 A similar effect is observed on the membrane performance parameters of supported 
[H 2 NC 3 H 6 mim][Tf 2 N] in the presence of CO and H 2 S. A decrease occurs in CO 2 /H 2  
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     Figure 10.12     Ion depolarization effect in the presence of CO  
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selectivity associated with an increase in H 2  solubility. The behaviour of the membrane 
is complicated in this case by the contribution of the amine group to CO 2  solubility 
through a strong acid – base interaction  [29,30]  and the impact of CO and H 2 S on that 
interaction. As shown in Figure  10.8 , when CO and H 2 S are not present, CO 2  permeability 
rises rapidly from 310 to 373   K then levels off. This temperature dependence has been 
previously attributed to a change in the rate - determining step from dissociation of the 
acid – base complex to CO 2  diffusion, as shown in Figure  10.3 . This CO 2  permeability 
temperature dependence is tied to a peak in CO 2 /H 2  selectivity at 348   K. In the presence 
of CO and H 2 S, no change in slope occurs in CO 2  permeability and no peak is observed 
in CO 2 /H 2  selectivity. As with [hmim][Tf 2 N] and other physical solvents, CO 2  permeabil-
ity increases and CO 2 /H 2  selectivity decrease in an Arrhenius dependence with increasing 
temperature. 

 In the presence of H 2 S, the behaviour is straightforward to explain. As the stronger 
acid gas, H 2 S competitively interferes with CO 2  interaction with the amine site on the 
cation. This interference prevents the increase in CO 2  solubility which normally results 
from the presence of that amine site and causes the ionic liquid to behave as if the site 
were not present, i.e. as if it were [hmim][Tf 2 N]. 

 In the presence of CO, the rationale for the alteration in behaviour is less clear. Based 
on the similar trends, it would be reasonable to suggest that CO is also interacting with 
the amine site on the cation and interfering with the ability of CO 2  to do so. There are, 
however, no known strong associations between primary amines and CO. It is possible 
that CO forms such an association with another portion of the ionic liquid cation or with 
the anion. This adduct could then behave as an acid, interacting with the amine site to 
block it from forming complexes with CO 2 . 

 In the simulated fuel gas studies where a gas mixture including approximately 
10   000   ppm CO and 200   ppm H 2 S was used, the results for supported [hmim][Tf 2 N] were 
similar to those in the presence of either CO or H 2 S alone. The result is consistent with 
the argument made earlier that very low concentrations of polar solute gases are suffi cient 
to depolarize the ionic liquid slightly increasing molar volume and H 2  permeability. The 
membrane performance for supported [H 2 NC 3 H 6 mim][Tf 2 N] is less affected by the pres-
ence of lower concentrations of both CO and H 2 S (10   000   ppm CO and 200   ppm H 2 S, as 
shown in Figures  10.10  and  10.11 ) than by a higher concentration of either contaminant 
alone (50   000   ppm CO and 9000   ppm H 2 S, respectively, as shown in Figures  10.8  and 
 10.9 ), i.e. the slope change in CO 2  permeability and the CO 2 /H 2  selectivity peak are not 
eliminated in the simulated fuel gas studies. The result indicates that the lower concentra-
tions of both contaminants are insuffi cient to competitively interfere with the CO 2  – amine 
interaction. It also suggests that the direct H 2 S interference with the interaction is more 
effective than the indirect interference of CO through adduct formation since 9000   ppm 
H 2 S has a greater effect on the permeability and selectivity trends than the 10   000   ppm 
CO present in the simulated fuel gas.  

   10.5    Conclusions 

 The results presented demonstrate that multi - component gas interactions with sup-
ported ionic liquid membranes are more complex than might be at fi rst suspected. The 
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macroscopic membrane performance measurements shown here are suffi cient to open a 
variety of new questions about the complicated nature of those interactions but do not 
allow confi rmation of the molecular level explanations proposed. Further work will be 
required to fully understand the effects of common syngas constituents on ionic liquid 
membranes. That work will be critical to the successful application of these membranes 
to IGCC power systems and the effi cient mitigation of greenhouse gas emissions from 
those power systems.  
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Polymeric Membranes for Carbon 

Capture  

  Colin A.     Scholes   ,    Sandra E.     Kentish    and    Geoff W.     Stevens  
  Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC), University of 

Melbourne, Parkville, Victoria, Australia       

    11.1    Introduction 

 Gas separation polymeric membranes are a developing separation technology, which has 
the potential to effi ciently and economically separate gases in a range of industrial proc-
esses. Already, non - porous polymer membranes are used commercially for the removal 
of carbon dioxide and hydrogen sulfi de from natural gas, known as sweetening, small -
 scale oxygen enrichment of air, as well as hydrogen recovery in ammonia production. 
The technology has also been researched for dehydration, hydrocarbon recovery, syngas 
separation, as well as carbon dioxide separation from fl ue gas  [1,2] . The importance of 
the last two examples in the membrane fi eld has been developing over the past decade, 
as membrane technology has progressively demonstrated potential in carbon dioxide 
capture, part of the strategy of carbon capture and storage (CCS) to mitigate carbon emis-
sions from a range of industrial processes  [3] . There are three main strategies for CO 2  
capture from fossil fuel based power plants  [4] . Post - combustion is where CO 2  capture 
occurs after combustion from the exiting fl ue gas. Pre - combustion occurs where fossil 
fuels are reformed into syngas comprising primarily of hydrogen and carbon monoxide, 
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carbon dioxide and water in a reducing environment. This is then further converted to 
more hydrogen through the water gas shift reaction and CO 2  is then separated from 
hydrogen before combustion. Finally, in oxy - fuel combustion air is replaced by oxygen 
in the combustion process which produces a fl ue gas of mainly H 2 O and CO 2 , which is 
readily captured. For all three strategies, membrane technology has suffi ciently matured 
to become commercially competitive with other separation technologies in the coming 
decade. 

 Alongside the major gases, a range of minor gas components are present in all of these 
applications  [5] . For example, in natural gas sweetening the main separation is of CO 2  
and H 2 S from CH 4  but water and a range of hydrocarbons are also present. In post -
 combustion capture the main separation is CO 2  from N 2 ; however, the process also experi-
ences SOx (a combination of sulfur oxides), NOx (a combination of nitric oxides) and 
water. In pre - combustion capture, separation is of CO 2  from H 2  and N 2 , with H 2 S, CO, 
NH 3 , water and hydrocarbons also present. In addition, O 2  is often present in many of 
these processes, along with argon if air is used. Depending on the fuel source, heavy 
metals, such as mercury and arsenic, may exist, as well as halogens, such as fl uorine and 
chlorine, in their acidic form. Other processes than power generation with the possibility 
for carbon capture, such as cement production, refi neries and blast furnaces, also have a 
range of minor components present. The concentration of these minor components varies 
considerably and is dependent on the process, fuel, temperature and pressure of reaction. 
Potential concentrations of some of these minor components are provided in Table  11.1 . 
For membrane gas separation processes the effects of these minor components have to 
be considered on a case by case basis.   

 The impact of some of these minor components can be signifi cantly reduced by a suit-
able pre - treatment process, such as a de - sulfurizer or an adsorbent guard bed. However, 
remaining concentrations of these minor components in the membrane gas separation 
process may compete with CO 2  (or other gas of interest) for separation and therefore 
decrease the observed permeability, as well as degrade the membrane structure, altering 
separation performance. Furthermore, the permeabilities of these minor components are 
of interest, because of the possibility of generating component - rich permeate or retentate 
streams, dependent on membrane selectivity. Thus for example, it may be possible to 
capture both acid gases (H 2 S and CO 2 ) simultaneously from a pre - combustion stream. 

  Table 11.1    Composition of minor components in a range of industrial processes  [6 – 8]  

        Pre - combustion     Post - combustion     Iron blast 
furnace  

   Cement 
production  

  CO 2     10 – 35   mol%    12 – 14   vol%    20   vol%    14 – 33   vol%  
  SOx     –     1000 – 5000   ppm     –     0 – 150   ppm  
  NOx     –     100 – 500   ppm     –     0 – 150   ppm  
  CO    300 – 4000   ppm     ∼ 10   ppm    22   vol%    0 – 130   ppm  
  H 2 S    500 – 1000   ppm     –     0 – 5000   ppm     –   
  NH 3     0 – 1500   ppm     –      –      –   
  H 2      ∼ 20   vol%     –     4   vol%     –   
  Water    Saturated    Saturated    4   vol%    12.8   vol%  
  Hydrocarbons    0 – 100   ppm     –      –      –   
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Hence, this provides the opportunity to reduce the number of separation processes the 
feed gas may go through. 

 Gas permeation through non - porous polymeric membranes is generally described by 
the solution - diffusion mechanism  [2] . This is based on the solubility of specifi c gases 
within the membrane and their diffusion through the dense membrane matrix. In turn, the 
solubility of a specifi c gas component within a membrane is a function of its critical 
temperature, as this is a measure of the gas condensability. Critical temperatures for a 
range of gas components are provided in Table  11.2 . Conversely, the diffusivity depends 
upon the molecular size, as generally indicated by the kinetic diameter. Indeed, Robeson 
 et al.   [9]  have recently postulated that the relationship between the ideal permeability of 
one species  P i   and that of another  P j   are related by a simple function:

    P kPj i
n=     (11.1)  

Where:

    n
d

d
j

i

= ⎛
⎝⎜

⎞
⎠⎟

2

    (11.2)     

 However, to achieve the best fi t to this relationship they propose slight modifi cations to 
the kinetic diameters provided by Breck  [10]  which are more generally used. Both values 
are included in Table  11.2  where available.  

  Table 11.2    Kinetic diameter and critical temperature of common gases 

   Gas     Breck kinetic 
diameter ( Å )  [10]   

   Robeson kinetic 
diameter ( Å )  [9]    

   Critical temperature 
(K)  [11]   

  H 2     2.89    2.875    33.2  
  N 2     3.64    3.568    126.2  
  CO    3.76        132.9  
  Ar    3.40        150.8  
  O 2     3.46    3.347    154.6  
  NO    3.17        180  
  CH 4     3.8    3.817    190.6  
  CO 2     3.3    3.325    304.2  
  HCl    3.2        324.6  
  C 3 H 8     4.3        369.8  
  H 2 S    3.6        373.2  
  NH 3     2.6        405.6  
  SO 2     3.6        430.8  
  NO 2             431.4  
  SO 3             491  
  C 6 H 14             507.4  
  C 6 H 6     5.85        561.9  
  H 2 O    2.65        647.3  
  Hg            1750  
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   11.2    Sorption Theory for Multiple Gas Components 

   11.2.1    Rubbery Polymeric Membranes 

 Rubbery membranes operate above the glass transition temperature, therefore polymer 
chains are able to rearrange on a meaningful timescale and are usually in thermodynamic 
equilibrium. Examples of rubbery membranes are polydimethylsiloxane, polyethylene 
glycol and silicone rubber. These membranes generally achieve their selectivity by dif-
ferences in solubility  [12] . Hence, they often allow larger gas molecules to permeate at 
a greater rate than smaller gases. A good example of this is hydrocarbon recovery from 
natural gas  [13] . This is because the liquid - like polymer matrix has a poor ability to sieve 
molecules based on size because of chain motion. This is of considerable interest in syngas 
separation (pre - combustion capture), where it is desirable to keep hydrogen at high pres-
sure and therefore allow the larger gases, such as CO 2 , to transport through the membrane. 
This ensures hydrogen is at the pressure required for combustion as part of an integrated 
gasifi cation and combined cycle process (IGCC). 

 For rubbery polymeric membranes, the process of mixing gas A into a polymer P can 
be described by Flory – Huggins regular solution theory for mixing components within 
polymer solutions  [14] :

    μ μ φ φ χ φA A
A

A
A

A

P
P A P− = = ⎛

⎝⎜
⎞
⎠⎟ = + −⎛

⎝⎜
⎞
⎠⎟ +0 0

0

21
ΔG

RT

f

f

V

V
ln ln     (11.3)   

 Where  f  A  and  f  A0  are the fugacity of A and the saturated fugacity of A respectively,     μ     A  and 
  µA

0  are the corresponding chemical potentials,   φ   A  and   φ   P  are the volume fraction of gas A 
and the polymer P respectively,  V  A  and  V  P  are the relevant molar volumes and   χ   A  the 
Flory – Huggins parameter of gas A and the polymer P. 

 The true concentration of the penetrant A expressed as the volume of gas (cm 3  at STP) 
dissolving in 1   cm 3  of polymer, can be related to the volume fraction in the above expres-
sion by  [15] :

    C
V

V
A

A G

A

 = φ
    (11.4)  

where  V  G  is the molar volume of a gas at STP, which is 22400   cm 3 /mol. 
 Recognising that:

    ln ln ln ln ln lnS C f C
f

f
fA A A A

A

A0
A0= ( ) − ( ) = ( ) − −     (11.5)   

 Substitution of Equations  (11.4)  and  (11.5)  into Equation  (11.3)  gives:

    ln ln ln lnS
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P A P A0( ) = − − −⎛

⎝⎜
⎞
⎠⎟ − − ( )φ φ φ χ φ1 2     (11.6)   

 Given   φ   P    =   1    –      φ   A  and assuming that both  V  A     <<     V  P  and   φA
2  is vanishingly small; Equation 

 (11.6)  becomes:
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 The non - concentration dependent terms can be grouped together to yield:

    ln lnS K CA A A A( ) = ( ) + σ     (11.8)  

where

    ln ln lnK
V
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fA A
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G
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 is the Henry ’ s law constant of gas A in polymer P and
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V
    (11.10)   

 Hence, the solubility of gas A within a rubbery polymeric membrane can be determined 
from the Flory – Huggins parameter. 

 Suwandi and Stern  [16]  point out that in many sorption studies the polymer swells as 
sorption occurs, but the concentration of A is calculated as the volume of gas dissolving 
in 1   cm 3  of unswollen polymer. That is, the weight change recorded by the sorption ana-
lyzer is converted to a concentration by division by the density of the unswollen system. 
In this case:

    ′ =
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′( ) +
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 Mathematical manipulation of equations yields expressions identical to Equations  (11.8)  
and  (11.9) , but importantly in this case:

    ′ = +( )σ χ
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A A
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2 1 V

V
    (11.12)   

 For a tertiary system, the presence of gas B may infl uence the sorption of gas A in the 
polymer. Hence, the Flory – Huggins equation of gas A for a tertiary system is  [14,17] :
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 (11.13)   

 Here   χ   AB  characterizes the mixing between gas A and B, while the other parameters 
subscripts denote if it is for gas A, B or the polymer P. Again, the Flory – Huggins equa-
tion for a tertiary system can be simplifi ed by the same assumptions for the binary system. 
That is,  V  A  and  V  B     <<     V  P , due to difference in gas volume compared to the polymer, and 
at low pressures the volume fraction of gas A and B is small, and   φA

2 0→  and   φB
2 0→ . 

Further,   φ   P    =   1    −      φ   A     −      φ   B . Hence:
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 rearranging assuming   φ   A   φ   B     →    0:
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 Substitution of Equations analogous to Equations  (11.4)  and  (11.5)  yields:
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where  S  AB  is the solubility of A in the polymer with gas B present. This can be 
simplifi ed:
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 Therefore, the solubility of gas A in polymer P with gas B present can be expressed in 
terms of the solubility of gas A in the binary system (Equation  11.8 ):

    ln lnS S CAB A AB B( ) = ( ) + σ     (11.19)   

 If gas B concentration is low, then Henry ’ s law allows Equation  (11.19)  to be approxi-
mated by:

    ln lnS S K pAB A AB B B( ) = ( ) + σ     (11.20)   

 Where  p  B  is the pressure of gas B, and  K  B  the Henry ’ s law constant. Hence, gas B may 
enhance or decrease the solubility of gas A within the rubbery polymeric membrane, 
depending on the relative strengths of the Flory – Huggins parameters for the gases between 
themselves and for the polymers. 

 For a quaternary system, the presence of gases B and C may infl uence the sorption of 
gas A into the polymer, P. The Flory – Huggins equation for such a system is  [17] :
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 Where   χ  ij   is the binary interaction parameter between gases  i  and  j . For simplicity this 
model assumes no higher interaction parameters between the gases and polymer, e.g. 
  χ   ABC    =   0. Again, Equation  (11.21)  can be simplifi ed by the same assumptions used in the 
binary and tertiary systems. The solution, assuming gases B and C obey Henry ’ s law, is:

    ln lnS S K p K pABC A AB B B AC C C( ) = ( ) + +σ σ     (11.22)  

where
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where  K  C  is the Henry ’ s law constant of gas C. Hence, in a quaternary system the 
presence of gas B and C may enhance or decrease the solubility of gas A in the membrane, 
which can be determined from the various Flory – Huggins parameters. 

 Impurities can also affect the diffusivity of a gas through polymer swelling or dilation. 
These effects can be modelled using the well - known expression originally proposed by 
Fujita  [18] 

    D A B v= −( )exp f     (11.24)   

 Where  v  f  is the fractional free volume in the polymer. The effect of plasticization by 
penetrants A and B on this fractional free volume is given by  [19] :

    v vf A A B Bf
= + +0 γ φ γ φ     (11.25)   

 Where   vf
0 is the fractional free volume in the polymer at the same temperature and pres-

sure in the absence of plasticization and   γ   A  and   γ   B  are positive constants characteristic of 
the system.  

   11.2.2    Glassy Membranes 

 Glassy membranes operate below the glass transition temperature, and therefore polymer 
chain rearrangement is on an extraordinary long timescale, meaning the membrane never 
reaches thermodynamic equilibrium. The polymer chains are packed imperfectly, leading 
to excess free volume in the form of microscopic voids in the polymeric matrix. Within 
these voids Langmuir adsorption of gases occurs that increases the solubility. Examples 
of glassy membranes are polysulfone and Matrimid  ©   polyimide. 

 The considerable free volume within glassy polymeric membranes, due to the pre-
sence of microvoids, generally means this class of membranes are diffusivity selectivity 
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controlled  [12] . That is, the membrane is selective towards the smaller gas molecules. 
Because of this, glassy polymeric membranes have been suggested for post - combustion 
capture as well as natural gas sweetening. 

 Gas concentration within glassy membranes consists of gas within the polymeric matrix 
as well as adsorbed in the microvoids. Therefore, the total concentration of absorbed gas 
within a glassy membrane (C) can be described by  [15] :

    C C C= +D H     (11.26)  

where  C  H  is the standard Langmuir adsorption relationship

    C
C bf

bf
H

H= ′
+( )1

    (11.27)   

  C  ′  H  is the maximum adsorption capacity while  b  is the ratio of rate coeffi cients of adsorp-
tion and desorption, or the Langmuir affi nity constant, defi ned as:

    b
C

C C f
=

′ −( )
H

H H

    (11.28)   

 Hence, the dual - mode sorption for glassy membranes is written as:

    C K f
bf

bf
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+( )D
HC

1
    (11.29)   

 Petropoulos  [20]  and Paul and Koros  [21]  independently developed models where the 
diffusion of the gas species adsorbed in the Langmuir region is partially, or even totally, 
immobilized. In this case, a parameter  F  A  is introduced, defi ned either as the ratio of dif-
fusion coeffi cients in the Langmuir ( D  H ) and Henry ’ s Law region ( D  D ) or as the fraction 
of the Langmuir species that are fully mobile. In this case, the concentration of mobile 
species is given by:
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 To determine the permeability across the membrane from this expression, it is necessary 
to account for the fugacity gradient by integration between the upstream and downstream 
values,  f  0  and  f  1   [20] :
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 The result is the mean or integral permeability:
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 When two gas species are present, competition can restrict both the solubility within 
the polymer matrix and the amount adsorbed in the Langmuir free volume. Competition 
in the former case is best modelled by adjustments to  K  D  based on Equations  (11.20)  or 
 (11.22) . To account for changes to the occupancy of the Langmuir sites for a binary 
mixture of gases A and B, the mobile concentration of gas A becomes  [22] :
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 Similarly, the mobile concentration of gas B is:
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 Each parameter has the same defi nition as in the single gas case with the subscript denot-
ing whether it is a property of gas A or B. The solubility of both gases A and B is reduced 
compared to the single gas case (Equation  11.30 ), and is heavily dependent on the rela-
tionship between  b , the affi nity constant, and fugacity. 

 When three components or more are present, the mobile concentration of gas A 
becomes:
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 The Langmuir affi nity constant is generally proportional to the critical temperature of the 
gas, and Figure  11.1  demonstrates the relationship between Langmuir affi nity constant 
and critical temperature  [23] . For example, water has a very high critical temperature 
compared to N 2  and CO 2 . This means water is more condensable within the free volume 
and correspondingly a higher Langmuir affi nity constant is observed. Hence, the presence 
of water even in trace amounts may dominate observed gas permeabilities, because even 
though the partial pressure is low, water will successfully compete for sorption sites in 
the membrane.   

 It is common for gases at high pressure, especially acidic gases such as CO 2  and SO 2 , 
to also plasticize glassy polymeric membranes. This results in an increase in the diffusiv-
ity of gases through the membrane due to disruption to the polymer chain – chain inter-
molecular bonding network, leading to an increase in the fractional of free volume 
between polymer chains. When the penetrant gas causes plasticization of a glassy mem-
brane, the diffusion coeffi cient becomes concentration dependent, and a simple model 
based on Equations  (11.24)  and  (11.25)  can be written as  [24] :

    D C D C( ) = ⋅ ⋅( )0 exp β     (11.36)  

where  C  is the concentration of the plasticizing gas,  D  0  is the diffusion coeffi cient in the 
limit  C     →    0, and   β   is an empirical constant, known as the plasticization potential, that 
depends on the nature of the gas – polymer system and the temperature. For the specifi c 
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case when the permeate fugacity is zero, the mean or integral permeability for a ternary 
system can then be determined from:
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 Hence, the effect of competitive sorption on glassy membranes is to reduce the permea-
bility of all gases. This in turns alters the selectivity of the membrane. The relative mag-
nitude of the Langmuir constants for each component dictates whether the selectivity 
decreases or increases.   

   11.3    Minor Components 

   11.3.1    Sulfur Oxides 

 Sulfur oxides, a combination of SO 2  and SO 3 , are generated by combustion of sulfur -
 containing fuels such as coal  [25] . Their emission is a major environmental problem, 

     Figure 11.1     Langmuir affi nity constants ( b ) for a range of gases in various polymeric 
membranes relative to gas critical temperature. Reprinted with permission from Separation 
& Purifi cation Reviews, Effects of minor components in carbon dioxide capture using 
polymeric gas separation membranes, by Scholes, C. A., S. E. Kentish, and G. W. Stevens, 
38: 1 – 44, Copyright (2009) Taylor and Francis  
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     Figure 11.2     SO 2  permeability within polymeric membranes and selectivity relative to 
CO 2 . Reprinted with permission from Separation & Purifi cation Reviews, Effects of minor 
components in carbon dioxide capture using polymeric gas separation membranes, by 
Scholes, C. A., S. E. Kentish, and G. W. Stevens, 38: 1 – 44, Copyright (2009) Taylor and Francis  

being the major cause of acid rain. A large range of non - porous polymeric membranes 
have been tested for SO 2  separation, with the permeability of SO 2  relative to SO 2 /CO 2  
selectivity for a range of membranes with potential in CO 2  capture shown in Figure  11.2 . 
The selectivity almost always favours SO 2 , implying that it permeates faster than CO 2  
and therefore enriches the permeate stream. This is due to the higher condensability of 
SO 2  within the membrane, due to a larger critical temperature compared to CO 2 , given 
that the kinetic diameter difference does not favour diffusion selectivity.   

 Sulfur dioxide has also been reported to plasticize polymeric membranes, which pro-
duces a more rubbery material and increases the diffusivity of penetrant gases  [26 – 28] . 
Plasticization also reduces the mechanical integrity of the membrane, meaning it is more 
likely the membrane will rupture. However, plasticization is a strongly pressure dependent 
phenomenon, for example it has been reported in polyvinylidene membranes to occur at 
SO 2  pressures greater than 10 psi  [29] . For many of the processes in carbon capture, such 
high partial pressures of SO 2  are not observed (Table  11.1 ), and therefore only minor 
plasticization by SO 2  is likely to occur. 

 A critical factor for membranes and SOx is the presence of high water vapour in 
many industrial processes. The mixture of SOx and water allows for the generation of 
sulfuric acid, which can chemically degrade the polymeric membrane, its support or the 
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     Figure 11.3     H 2 S permeability within polymeric membranes and selectivity relative to CO 2   

surrounding module structure. This has been observed for cellafan, a polysaccharide -
 based polymer, where SO 2  permeability experiences a 30 - fold increase with water present, 
undoubtedly due to sulfuric acid degradation of the polymeric matrix  [30] .  

   11.3.2    Nitric Oxides 

 Combustion with air at high temperature results in the generation of nitrogen oxides, NOx, 
of which the dominant component is NO and to a lesser extent NO 2   [25] . There appears 
to be no information on the permeability of NO in polymeric membranes reported in the 
literature. Based on kinetic diameter (Table  11.1 ), NO should diffuse faster through 
polymeric membranes than CO 2 ; however, the larger difference in critical temperature 
suggests that CO 2  will sorb more strongly in the membrane than NO, and so this process 
should dominate in sorption selective membranes. For NO 2 , only polytetrafl uoroethylene 
has been documented, with a permeability of 15.9   Barrer and NO 2 /CO 2  selectivity of 1.6 
 [31] . The plasticization effects of NOx are unknown, though in the presence of water 
NOx forms nitric acid that will degrade polymeric membranes, similar to that reported 
for SOx.  

   11.3.3    Hydrogen Sulfi de 

 Hydrogen sulfi de is present within natural gas and biogas, as well as being found in suf-
fi cient quantities in syngas to warrant removal  [32,33] . The permeability of H 2 S through 
a range of polymeric membranes and their selectivity to CO 2  is shown in Figure  11.3 . 
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Many of these membranes are designed for sweetening of natural gas and therefore exhibit 
high permeabilities for H 2 S and CO 2  with large selectivity relative to methane  [34] . A 
large number of membranes demonstrate selectivity towards H 2 S over CO 2 , attributed to 
the higher condensability of H 2 S (for critical temperature see Table  11.2 ) within the 
membrane, compared to CO 2 . Similar to SO 2 , H 2 S has been reported to plasticize or swell 
polymeric membranes  [35] .   

   11.3.3.1    H 2 S Competitive Sorption into Polydimethylsiloxane (PDMS) 

 In our recent work, a PDMS membrane (thickness of  ∼ 10    μ m) was exposed to a 90% 
N 2  – 10% CO 2  mixture with 500   ppm H 2 S present, to simulate syngas - like conditions  [36] . 
The resulting permeability of CO 2  and N 2  through PDMS at different temperatures and 
pressures, with and without H 2 S present, is shown in Figures  11.4  and  11.5  respectively.   

 In the presence of H 2 S, CO 2  permeability through PDMS decreases by an average  ∼ 8% 
(Figure  11.4 ), implying that H 2 S competes with CO 2  for transport through the membrane. 
Conversely, N 2  permeability in general increases slightly when H 2 S is present (Figure 
 11.5 ). While this increase is often within the error of the measurement, it implies that 
H 2 S enhances either the solubility or diffusion of N 2  within PDMS. Similar behaviour has 
been measured for H 2  permeability through PDMS in the presence of 3% H 2 S  [37] . This 
was attributed to plasticization (swelling) of the polymer matrix by H 2 S reducing the 
resistance to gas transport leading to greater fl ux. However, the H 2 S concentration here 
is in comparison quite low at 0.05%.  

   11.3.3.2    H 2 S Competitive Sorption into Polysulfone and Matrimid 5218 

 The infl uence of H 2 S on the CO 2  permeability in the glassy polymeric membranes poly-
sulfone and Matrimid 5218 (a polyimide) are shown in Figures  11.6  and  11.7  respectively, 
where the membrane was exposed to 90% N 2  – 10% CO 2  gas mixture with H 2 S at 500   ppm.   

 Two processes are occurring within these membranes upon exposure to H 2 S. Firstly, 
competitive sorption between H 2 S and CO 2  occurs within the microvoids, where H 2 S will 
replace some adsorbed CO 2 , and reduce the concentration of CO 2  within the membrane. 
This correlates to a reduction in the permeability of CO 2 , which is evident in the time -
 resolved data for all three glassy membranes upon exposure to H 2 S, at every temperature 
and partial pressures. Hence, H 2 S strongly competes with CO 2  for space within the 
Langmuir voids, given that H 2 S is present in trace amounts. The second process, plasti-
cization of the membrane by H 2 S, results in the increase in the measured permeability at 
a later time for both membranes under certain conditions, e.g. relative high temperatures 
and high H 2 S partial pressures, as the diffusivity of gas increases. Plasticization is delayed 
because adsorbing H 2 S requires time to build up the necessary concentration, due to 
competitive sorption, to have a signifi cant plasticization infl uence on the polymeric 
matrix. The observed plasticization is attributed to the presence of H 2 S only, and not CO 2 . 
This assumption is supported by the partial pressure of CO 2  in all experiments being less 
than that require to plasticize each polymer, for polysulfone 34   bar CO 2  at 21    ° C  [39]  is 
required and for Matrimid it is 14.8   bar CO 2  at 35    ° C  [40] . Secondly, each membrane is 
initially exposed to the CO 2 /N 2  mixture, at the beginning of the experiment for 2   hours. 
Therefore, any plasticization by CO 2  should have occurred during this time period, and 
all later time effects are attributed to H 2 S only. Hence, competitive sorption of H 2 S occurs 
for both glassy membranes at the studied temperatures and pressures, but each polymer 
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is only susceptible to H 2 S - induced plasticization at certain temperature and partial 
pressure conditions. 

 The increased occurrence of plasticization at high pressures and temperatures is attrib-
uted to the concentration of H 2 S within the membrane, as well as the mobility of polymer 
chains. At high H 2 S partial pressures, the concentration of H 2 S within the glassy polymeric 
membrane reaches a critical concentration (the plasticization pressure) where the number 
of H 2 S molecules per polymeric chain ratio is great enough to disrupt the polymeric 
chain – chain interactions network, allowing plasticization to occur. Bos  et al.   [39]  postu-
lates that this critical concentration is the same for polymeric membrane groups. 
Temperature also plays a critical role; polymer chains at higher temperature require less 
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     Figure 11.4     CO 2  permeability in PDMS under mixed gas conditions with (grey) and 
without (black) 500 ppm or H 2 S present. Reprinted with permission from Journal of 
Membrane Science, The effect of hydrogen sulfi de, carbon monoxide and water on the 
performance of a PDMS membrane in carbon dioxide/nitrogen separation by Colin Scholes, 
Sandra Kentish and Geoff Stevens, 350, 1 – 2, 189 – 199, Copyright (2010) Elsevier Ltd  
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     Figure 11.5     N 2  permeability in PDMS under mixed gas conditions with (grey) and 
without (black) 500 ppm H 2 S present. Reprinted with permission from Journal of 
Membrane Science, The effect of hydrogen sulfi de, carbon monoxide and water on the 
performance of a PDMS membrane in carbon dioxide/nitrogen separation by Colin 
Scholes, Sandra Kentish and Geoff Stevens, 350, 1 – 2, 189 – 199, Copyright (2010) 
Elsevier Ltd  

energy to disrupt the chain – chain intermolecular bonding network, due to increased chain 
mobility. Therefore, it becomes easier for H 2 S to disrupt this network at higher tempera-
ture and generate the plasticized state. 

 N 2  also experiences competitive sorption from H 2 S, correspondingly the permeability 
of N 2  through the glassy membranes decreases. The reduction is not as pronounced as 
that reported above for CO 2 , because the CO 2 /N 2  selectivity during the competitive sorp-
tion event is reduced. An example measurement is provided in Figure  11.8 . Hence, H 2 S 
undergoes greater competitive sorption with CO 2 , because both molecules are competing 
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in the microvoids, while N 2  transport through these microvoids in comparison is already 
low. H 2 S - induced plasticization also increases the permeability of N 2 , because of the 
increase in fractional free volume. However, the CO 2 /N 2  selectivity rises, revealing that 
while increased diffusivity occurs for both gases, it favours CO 2  because of it is high 
concentration within the microvoids, which benefi ts from the increase in pathways 
between them due to plasticization.     
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     Figure 11.6     CO 2  permeability through polysulfone at pressures between 400 – 1600   kPa 
(increasing greyscale); (a) 15    ° C and (b) 55    ° C  [38]   
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 1600   kPa (increasing grayscale); (a) 15    ° C and (b) 55    ° C  [38]   
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   11.3.4    Carbon Monoxide 

 Carbon monoxide is present in post - combustion carbon capture as the product of partial 
oxidation due to reduced availability of oxygen, along with the reduced environment in 
iron smelting. Importantly, it is a major component of syngas and exists in signifi cant 
quantities due to the equilibrium nature of the water gas shift reaction  [41] . Hence, there 
is considerable research into membrane reactors that can be incorporated into the water 
gas shift reaction to drive hydrogen and carbon dioxide production. The performance of 
CO in polymeric membranes is less documented, due to their limitations in processing 
syngas at high temperatures. The majority of polymeric membranes will favour CO 2  over 
CO because the kinetic diameter of CO is greater  [5] , hence a sieving mechanism will 
favour CO 2 , while the critical temperature of CO is lower than CO 2 .  

   11.3.5    Water 

 In the majority of industrial processes where carbon dioxide capture can occur, the feed 
stream for separation is saturated with water vapour  [42] . Therefore, competitive water 
sorption in the membrane, as well as plasticization and ageing effects, will have a much 
stronger infl uence on membrane performance compared to the previously mentioned 

     Figure 11.8     N 2  permeability through polysulfone, 55    ° C 600   kPa, along with the CO 2 /N 2  
selectivity  [38]   
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     Figure 11.9     Water permeability within polymeric membranes and selectivity relative to 
CO 2 . Reprinted with permission from Separation & Purifi cation Reviews, Effects of minor 
components in carbon dioxide capture using polymeric gas separation membranes by 
Scholes, C. A., S. E. Kentish, and G. W. Stevens, 38: 1 – 44, Copyright (2009) Taylor and 
Francis  

components. The permeability of water for a range of polymeric membranes and selectiv-
ity with respect to CO 2  is shown in Figure  11.9 . Water permeability is almost always 
greater than CO 2 , in many cases substantially, because water has both a smaller kinetic 
diameter than CO 2 , therefore diffuses faster, and also has a higher critical temperature, 
meaning greater sorption in the membrane. Hence, for membrane CO 2  separation the 
permeate stream will generally have a higher water percentage than the feed. If the 
permeate temperature is below the dew point, i.e. supersaturated, there is the possibility 
of condensation formation, which will create an additional transfer layer for gases to cross, 
reducing performance. Membrane support structures can also be severely impacted by 
water condensation. Specifi cally, the capillary forces that act upon later evaporation of 
the water can cause porous supports to collapse irreversibly.   

 Plasticization due to water sorption has been observed, with a polyethersulfone mem-
brane experiencing a dramatic fl ux increase of  ∼ 250% upon exposure to water, with a 
corresponding decrease in selectivity  [43] . This is also of critical concern in membrane 
processing since it can permanently alter the membrane structure, meaning performance 
does not always return once the membrane is dried  [44] . 
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     Figure 11.11     PDMS permeability of N 2  upon exposure to wet mixed gas at different 
water partial pressures. Reprinted with permission from Journal of Membrane Science, The 
effect of hydrogen sulfi de, carbon monoxide and water on the performance of a PDMS 
membrane in carbon dioxide/nitrogen separation by Colin Scholes, Sandra Kentish and 
Geoff Stevens, 350, 1 – 2, 189 – 199. Copyright (2010) Elsevier Ltd  
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     Figure 11.10     PDMS permeability of CO 2  upon exposure to wet mixed gas at different 
water partial pressures. Reprinted with permission from Journal of Membrane Science, The 
effect of hydrogen sulfi de, carbon monoxide and water on the performance of a PDMS 
membrane in carbon dioxide/nitrogen separation by Colin Scholes, Sandra Kentish and 
Geoff Stevens, 350, 1 – 2, 189 – 199, Copyright (2010) Elsevier Ltd  

   11.3.5.1    Water Competitive Sorption into Polydimethylsiloxane (PDMS) 

 Figures  11.10  and  11.11  show the results of our recent work where the permeability 
of the N 2 /CO 2  mixture through PDMS was recorded upon exposure to different partial 
pressures of H 2 O.   
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     Figure 11.12     Polysulfone CO 2  permeability from a 90% N 2  – 10% CO 2  gas mixture upon 
exposure to wet feed gas at 35    ° C and 800   kPa  [45]   

 Upon exposure to the wet feed, the permeability of both CO 2  and N 2  reduces, due to 
competition from water, with a trend of low permeability with increased humidity of the 
feed.  

   11.3.5.2    Water Competitive Sorption into Polysulfone and Matrimid 5218 

 The infl uence of water on glassy polymeric membrane performance is important in many 
applications. The effect on the glassy polymeric membranes polysulfone and Matrimid 
5218 is shown in Figures  11.12  and  11.13  respectively, taken from a 90% CH 4  – 10% CO 2  
mixture, to simulate natural gas processing.   

 The change in CO 2  permeability upon initial exposure to wet feed gas for both poly-
sulfone and Matrimid is indicative of competitive sorption of water within the glassy 
membrane reducing the fl ux of CO 2 . For Matrimid this behaviour is clearly dependent on 
the relative humidity of the feed gas and indicates that the amount of water within the 
microvoids is dependent on the relative humidity. Polysulfone does not display the same 
behaviour, with CO 2  permeability reduction most signifi cant for the lowest water pressure. 
However, it is clear from the increase in permeability at latter time for polysulfone that 
plasticization is occurring, and for some water pressures, the plasticization is of suffi cient 
magnitude to overcome any loss in permeability due to competitive sorption. A similar 
effect is observed for CH 4  permeability (Figure  11.14 ), with the initial reduction in per-
meability due to com petitive sorption, followed by plasticization. The correlation of 
selectivity demonstrates the signifi cance of plasticization on performance. Initially, when 
only competitive sorption occurs, the selectivity falls; however, as plasticization of 



     Figure 11.14     Polysulfone CH 4  permeability with water present as a function of time. 
Data at 55    ° C and 800   kPa  [45]   
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     Figure 11.13     Matrimid CO 2  permeability from a 90% N 2  – 10% CO 2  gas mixture upon 
exposure to wet feed gas at 35    ° C and 800   kPa  [45]   
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polysulfone occurs, the selectivity rises and becomes greater than the non - plasticized 
membrane.   

 In the case of water, the hydrogen bonding potential between molecules allows for 
multilayer adsorption to occur within the microvoids of the membrane and clustering 
of water molecules has been observed for a number of polymers. Hence, additional 
adsorption is occurring and the Langmuir model presented as Equations  (11.29)  to  (11.37)  
may not be appropriate. Park  [46]  puts forward a simple model for the concentration of 
water within the glassy membrane when clustering occurs:

    C K f
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bf
K K

f

nf
n

n

= + ′
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C D
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1 0

    (11.38)  

where  n  is the number of water molecules within the cluster,  K  C  the equilibrium constant 
for the reaction between monomeric water and cluster water and  f  0  the saturation fugacity. 
Alternatively, a multi - layer Brunauer – Emmett – Teller (BET) model may be a more appro-
priate isotherm to apply  [47] :
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 The parameter  n  can be correlated with the number of multilayers formed. If  n  is unity 
the isotherm converts to the Langmuir model, and if  n  is infi nity it becomes the standard 
BET isotherm.   

   11.3.6    Hydrocarbons 

 In natural gas sweetening, hundreds of heavy hydrocarbons, both paraffi nic and aromatic, 
are present in the feed gas  [48]  and can infl uence CO 2  separation through polymeric 
membranes with a detrimental loss in performance. It is alleged that low quantities of 
condensable hydrocarbons can also cause pre - mature ageing and membrane failure  [49] . 
The competitive sorption effects of hexane on CO 2  permeability and selectivity against 
CH 4  in the glassy polyimide membrane poly (4,4 ′  - hexafl uoroisopropylidene diphthalic 
anhydride  - 2,3,5,6 - tetramethyl - 1,4 - phenylenediamine) (6FDA - TMPDA, a polyimide) is 
shown in Figures  11.15  and  11.16  respectively  [50] .   

 There is a decrease in the permeability of both CO 2  and CH 4  as a result of exposure to 
hexane at different partial pressures (Figure  11.15 ) as the result of competitive sorption. 
The decrease is more pronounced for CO 2 , because the solubility of this gas within the 
polymer is more strongly infl uenced by Langmuir adsorption. Indeed at the hexane con-
centrations used, almost all the carbon dioxide is displaced from the Langmuir voids by 
hexane with the permeability approaching that predicted by Henry ’ s Law sorption alone. 
The greater reduction in CO 2  permeability results in a net loss of selectivity from 16 to 
around 10. 

 The use of Equation  (11.37)  allows for an estimation of the  b  value for hexane, based 
on known dual sorption parameters  [50]   . The resulting value of 240    ±    100   atm  − 1  is two 
orders of magnitude greater than that available for CO 2  (0.51   atm  − 1   [51] ), and indicates 
that hexane has a much stronger affi nity for the micro - voids than CO 2 . This is consistent 
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     Figure 11.15     The effect of an addition of hexane to a mixture of methane (90%) and 
carbon dioxide (10%) at a feed pressure of 1025   kPag. (a) CO 2  permeability, (b) CH 4  
permeability, (c) CO 2 /CH 4  selectivity. Reprinted with permission from Ind Eng Chem Res., 
The effect of hydrocarbons on the separation of carbon dioxide from methane through a 
polyimide gas separation membrane by Hasan, R., C. A. Scholes, G. W. Stevens and S. E. 
Kentish, 48, 5415 – 5419, Copyright (2009) American Chemical Society  
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     Figure 11.16     The time dependent effect of addition of hexane on the permeability of 
CO 2  in 6FDA - TMPDA from a methane (90%) and carbon dioxide (10%) gas mixture. 
Reprinted with permission from Ind Eng Chem Res., The effect of hydrocarbons on the 
separation of carbon dioxide from methane through a polyimide gas separation membrane 
by Hasan, R., C. A. Scholes, G. W. Stevens and S. E. Kentish, 48, 5415 – 5419, Copyright 
(2009) American Chemical Society  

with the correlation between the critical temperature of a component and this Langmuir 
constant (Figure  11.1 ). The determined Langmuir constant is slightly higher than 
that reported for other species with similar critical temperatures and refl ects the use of 
fugacity as the basis for calculations. As a fugacity is lower than the corresponding partial 
pressure, the corresponding  b  value will be higher. 

 Upon reaching steady - state conditions, the feed gas was returned to dry conditions 
and the permeability of both CO 2  and CH 4  was observed to recover (Figure  11.16 ). The 
permeabilities approach initial values after around 300   minutes, implying performance is 
recoverable and that the polymeric structure is not permanently altered by the presence 
of hexane.   

   11.4    Conclusions 

 This chapter has provided a range of mathematical models that can be used to characterize 
the effects of minor components on membrane performance. However, the quantity of 
good experimental data that can be used to fi t these models remains quite limited. Good 
characterization of membrane performance in both pre - combustion and post - combustion 
fl ue gases will require accurate experimentally based determination of parameters such 
as Flory – Huggins interaction parameters, Langmuir constants and plasticization 
potentials. 

 Many membrane scientists working in this fi eld focus only on the development of novel 
polymers for these separation processes, as this is of great appeal. Testing is restricted to 
pure gas samples only, or at most, binary mixtures. However, without the full characteri-
zation of each polymer with respect to true mixed gas streams the likelihood of com-
mercial success will remain limited.  
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    12.1    Introduction 

 The problems of global warming and climate change are today being popularly discussed 
in terms of CO 2  emission by human activities  [1] . CO 2  is produced by different industrial 
processes. Finding a proper separation technology for the removal of CO 2  from different 
gas streams will drastically lead to the reduction of emissions. Although CO 2  production 
contributes to global warming, it is also considered as a raw material in many industries 
 [2] . Global CO 2  consumption for example has reached approximately 20 million tons 
per year, which is strictly dedicated to the so - called merchant market, food, beverage, 
chemical and other industries  [3] . Nevertheless, either for storage or for its utilization, 
CO 2  must be separated. 

 At present, the most widely used CO 2  separation processes consist of reversible chemi-
cal and physical absorption. Membrane processes are not used very much; however, they 
are attractive because of their simplicity and energy effi ciency  [4] . 

 Actually, there are not yet suitable technologies or technical solutions which can 
effectively fi ght against CO 2  increase in the atmosphere. In the membrane community, it 
is believed that membrane technology capable of operating under a wide variety of con-
ditions will have a considerable impact on the separation and purifi cation of CO 2   [5 – 9] . 
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As known, membranes have become an established technology for CO 2  removal since 
1981 (natural gas purifi cation)  [10] . The multiple benefi ts of membrane technology prom-
ised by early innovators have been proven in a wide variety of installations around the 
world, and one of the world ’ s largest membrane systems for CO 2  removal from natural 
gas is the Grissik processing plant in South Sumatra, Indonesia  [11] . The Grissik plant is 
a hybrid separation system (membrane plus amine treatment) which offers particularly 
attractive operational benefi ts. Thus, it was demonstrated that the most economical 
approach is to combine membranes with existing technologies. 

 Commercial membranes for CO 2  removal are polymer based, and the materials of choice 
are cellulose acetate, polyimides, polyamides, polysulfone, polycarbonates, and polyeth-
erimide  [12] . The most tested and used material is cellulose acetate, although polyimide 
has also some potential in certain CO 2  removal applications. The properties of polyimides 
and other polymers can be modifi ed to enhance the performance of the membrane. For 
instance, polyimide membranes were initially used for hydrogen recovery, but they were 
then modifi ed for CO 2  removal  [13] . Cellulose acetate membranes were initially developed 
for reverse osmosis  [14] , and now they are the most popular CO 2  removal membrane. To 
overcome state - of - the - art membranes for CO 2  separation, new polymers, copolymers, 
block copolymers, blends and nanocomposites (mixed matrix membranes) have been 
developed  [15 – 22] . However, many of them have failed during application because of 
different reasons (expensive materials, weak mechanical and chemical stability, etc.). 

 In order to design new membrane materials with superior separation performance, low 
cost and feasible for massive production, the old work of Kulprathipanja can be consid-
ered as a proper tool  [23] . He dispersed polyethylene glycol (PEG) in PDMS and improved 
the CO 2  permeability. A similar idea led us to modify or blend existing commercial block 
polymers containing ethylene oxide (EO) units with poly(ethylene) glycol  [24] ; and thus 
by a blending process it was possible to produce high CO 2  - selective membrane materials 
with improved permeability. 

 Permeability of polymers is an important feature for a broad range of applications 
including packaging, bio - materials (e.g. for controlled drug release or encapsulating 
membranes), barrier materials, high performance impermeable breathable clothing and 
membrane separation processes  [25 – 27] . Copolymers were considered many years ago, 
starting with the most investigated polyurethanes and polyurethane - ureas followed by 
polyimides, polyamides and miscellaneous types of block copolymers (e.g. block copoly-
mers containing siloxane segments, hydrocarbon block copolymers and related materials) 
 [28,29] . Block copolymers offer a great structural versatility which is highly interesting 
for a fundamental analysis of permeation through polymeric materials. Systematic struc-
ture/property relationships allow one to design block copolymers with improved gas 
transport properties  [30] . 

 The simplest are diblock copolymers, where two different polymeric chains are bound 
together; and with an increase of block number, tri -  or multiblocks with a variety of 
structures can be obtained  [31,32] . Most block copolymers used today are prepared by 
living anionic polymerization, which is a feasible method to prepare block copolymers 
with controlled architecture. Different polymers do not mix well due to thermodynamic 
reasons  [33] , especially if their molecular mass is suffi ciently high, they have a strong 
tendency to form separated phases. In block copolymers, this phase separation can occur 
only intermolecularly (micro -  or nanophase separation)  [34] . Those block copolymers 
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based on poly(ethylene oxide) (PEO) exhibited excellent CO 2  permeability, and many 
research groups demonstrated that they can effectively separate CO 2  from other gases 
 [35 – 42] . 

 Poly(amide - b - ethylene oxide) copolymers were presented in 1990 as a promising 
membrane material  [43] . These block copolymers were developed in 1972 but in 1981 
began to be used for commercial purpose under the trade name Pebax  ®  , produced by 
ATOCHEM  [44]  (now ARKEMA). Another important group of segmented poly(ester)s 
used for membranes are block copolymers based on PEO and PBT (poly(butylene tereph-
thalate), known under commercial name of Polyactive  ®    [45] . By changing the polyamide 
and polyether segment, molecular mass and the content of each block, the mechanical, 
chemical, and physical properties are nicely tuned as well  [46] . 

 There are many techniques to improve gas transport properties of the above - mentioned 
polymers, and the simplest way to do it is by physical incorporation of additives into the 
polymeric matrix (blending). Because the performance of the blend membranes is tightly 
related to the nature of additives (fi llers) and polymer characteristics, they must be 
carefully selected in order to obtain a novel membrane material with superior properties. 
Generally, the presence of additives can have three effects on membrane transport: they 
can act as molecular sieves (zeolites, carbon molecular sieves), they can disrupt the 
ordering of polymer chains, which is refl ected in a permeability increase (non - porous 
nanoparticles and plasticizer), and they can act as barrier reducing the permeability (e.g. 
clays)  [47 – 50] . The incorporation of plasticizers in polymers appears to have a relatively 
complex infl uence on the permeability  [51] . Plasticizers may operate as a spacer, separat-
ing the macromolecular chains (free volume increase), thus they lead to a decline of the 
intermolecular attractive forces increasing the mobility of them and facilitating the diffu-
sion of the adsorbed molecules by lowering the activation energy. By inserting plasticizer 
between macromolecular chains, the glass transition temperature of the polymer is 
decreased due to the local segmental motions  [52] ; accordingly, the diffusion coeffi cients 
are changed. In the literature, there are many publications related to the effect of plasti-
cizer on morphology and gas transport properties of polymer blends  [53 – 55] . 

 Immiscible or partially miscible polymers (blends) often form separated phases, leading 
to a complex morphology. In many cases, the miscibility in polymer blends  [56]  is a direct 
result of enthalpy - of - mixing (  Δ H  mix ) contributing to the overall free energy   Δ G  mix , which 
is the fundamental thermodynamic quantity that controls the miscibility. To obtain homo-
geneous blend (single phase), the free Gibbs energy   Δ G  mix  must be  < 0. The free Gibbs 
energy for mixing per unit volume is given by the classical Flory – Huggins equation 
(Equation  12.1 ):
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where   χ   is the interaction parameter,  R  is gas constant,  T  is the absolute temperature and 
  ρ  ,   Φ   and  M  are the density, volume fraction and molecular mass of the polymer, respec-
tively. This equation includes implicitly enthalpy of mixing and entropy of mixing 
given by the Flory – Huggins model  [57,58] . Although polymer blend phase behaviour is 
determined predominately by the nature of the molecular interactions, it may be infl u-
enced by many other factors, including molecular mass, copolymer composition, blend 



230 Membrane Gas Separation

ratio, temperature and pressure. Morphology study is one of the most important research 
topics in polymer blends, and it has been shown that the surface and bulk chemical com-
positions of polymer blends are not the same even when they are miscible in the bulk 
 [59] . However, a number of other factors such as solvent, specifi c interaction, crystalliza-
tion, etc. can also affect the blend, and consequently its transport properties. 

 This chapter covers multi - step work of tailoring CO 2  - selective membrane material, 
from new copolymers designs to tailor - made copolymer/PEG blends, moreover thin fi lm 
composite membrane performance are also discussed. The relationships between gas 
transport properties, structure, morphology and physical properties are analyzed. The 
performance at different operating conditions and with mixed gases is monitored as 
well in order to have a guideline for scaling up the membranes. The benefi ts of these 
membranes are the simplicity of preparation, low cost and resistance toward acid gas 
treatment.  

   12.2    Tailoring Block Copolymers with Superior Performance 

 Figure  12.1  presents the chemical structure of poly(amide - b - ethylene oxide) (commercial 
name  ‘ Pebax  ®   ’ ) and poly(ethylene oxide) - poly(butylene terephthalate) (PEO - PBT) (com-
mercially known as  ‘ Polyactive  ®   ’ ). These copolymers with high content of PEO are 
hydrophilic and show excellent chemical resistance towards solvents. The solubility of 
these copolymers in different solvents is determined by the ratio of segmented blocks. 
Pebax  ®   MH 1657 is soluble only in few solvents and generally the polymer solution is 
prepared under refl ux at high temperature and low polymer concentration by using 
n - butanol or a mixture of n - butanol/1 - propanol, after cooling down to room temperature, 

(a)

(b)

     Figure 12.1     Structure of (a) PA - b - PEO and (b) PEO - PBT, where  x  and  y  represent weight 
percent of each block and  n  gives information about the molecular weight (g/mol) of PEO 
in PEO - PBT  
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however, the solution shows a strong tendency to form a gel  [60] . During dissolution 
studies, surprisingly it was found that a simple binary mixture of ethanol/water (70/
30   wt.%) can easily dissolve Pebax  ®  . An advantage of this solvent mixture is the stability 
of the polymer solution at room temperature, which simplifi es the membrane preparation 
 [24] . Polyactives with relatively low molecular weight and high PEO fraction are soluble 
in tetrahydrofuran (THF), and those with high molecular weight are soluble in chloroform; 
the membrane preparation therefore is easy.   

 Pebax  ®   and Polyactive are thermoplastic with elastomeric behaviour. PA and PBT rigid 
segments give strength to the polymeric material, it is able to crystallize and its glass 
transition is above room temperature. The rubbery PEO fl exible segment (glass transition 
below room temperature) provides fl exibility and hydrophilicity to the system. The gas 
transport mainly proceeds through the amorphous PEO soft phase  [61] . As reported, the 
morphology of multi - block copolymers is very complex; these can comprise up to fi ve 
different phases: amorphous and crystalline phase of both blocks and phases between 
them (interphases)  [62] . Hence, the variation of both segments in content and molecular 
weight lead to materials with different properties, and increase of the molecular weight 
of blocks favour the micro - phase separation and crystallization  [63] . Typical physical and 
gas transport properties of these copolymers are shown in Table  12.1 .   

 From all the commercial copolymers presented in Table  12.1 , Pebax  ®   1657, 
1500PEO77PBT and 4000PEO55PBT (Polyactives) have high CO 2  selectivity over H 2  
and N 2  and moderate CO 2  permeability, thus by adding PEG with low molecular weight, 
their CO 2  permeability can be improved without affecting the selectivity  [24,67] . The other 

  Table 12.1    Physical and gas transport properties of Pebax ®  and Polyactive ®  multi - block 
copolymers  [24,64 – 67]  

   Polymer     Flexible 
segment 
(wt.%)  

   Density 
(g/cm 3 )  

   T g  of fl exible 
segment ( ° C)  

    P (CO 2 ) 
(Barrer)  

     α  (CO 2 /
H 2 )  

     α  (CO 2 /
N 2 )  

    a,c   Pebax  ®   1657    60    1.14     − 53    73    9.1    45  
    a,d   Pebax  ®   1074    55    1.09     − 55    110    8.0    46  
    b,d   Pebax  ®   2533    80    1.01     − 77    350    5.8    35  
    b,d  Pebax  ®   3533    73    1.01     − 72    230    4.9     –   
    b,d   Pebax  ®   4033    53    1.01     − 78    76    5.0    29  
    b,d   Pebax  ®   5533    30    1.01    n.d     –      –      –   
  600PEO77PBT    77    1.20     − 42    58    7.8    46  
  1000PEO80PBT    80    1.19     − 45    82    8.9    44  
  1500PEO77PBT    77    1.19     − 49    115    10.2    50  
  300PEO55PBT    55    1.28     − 20    9    3.7    21  
  4000PEO55PBT    55    1.23     − 49    95    10.9    44  
  1000PEO55PBT    52     –      − 49    71     –     45  
  2000PEO55PBT    52     –      − 53    116     –      –   
  3000PEO55PBT    52     –      − 52    146     –      –   

    a    Flexible segment PEO (Polyethylene oxide).  
   b    Flexible segment PTMO (Polytetramethylene oxide).  
   c    Rigid segment PA6 (Polyamide - 6).  
   d    Rigid segment PA12 (Polyamide - 12).  
   e    Rigid segment PBT (Polybutylene terephthalate).   
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copolymers can be also used for developing new membrane materials, but the selection 
of PEG or other plasticizer or fi llers must be done very carefully in order to avoid phase 
separation. The lack of a commercial copolymer with higher performance than those 
presented in Table  12.1  led many researchers to investigate, chemically modify and syn-
thesize new PEO - containing polymeric materials  [68 – 72] , and one of the best membrane 
materials with high CO 2  performance was reported by Freeman group  [73] , who cross -
 linked PEO copolymers by UV irradiation and the membranes exhibited promising proper-
ties. However, those membranes could be complex and expensive for mass production. 

 Therefore, research focused on the development of new membrane materials and up -
 scaling for production is still important. In that direction, and in order to understand better 
the membrane behaviour of PEO - PBT copolymers, the CO 2  permeability (Table  12.1 ) 
were fi tted to polynomial mathematical models (Equation  12.2 ), and plotted versus the 
molecular weight ( M  w ) of the PEO block, as shown in Figure  12.2 .  

    P a b M c MCO2 w w( ) = + ⋅( ) + ⋅( )2     (12.2)   

 This equation fi tted to the experimental data for each family of copolymer (PEO55PBT45 
and PEO77PBT23) gives an estimation of CO 2  permeability for the optimal membrane 
material. The triangle data points and solid line (Figure  12.2 ) are theoretical values for 
copolymers with apparent 80   wt.% of PEO (permeability data of copolymers containing 
77 and 80   wt.% of PEO and a blend with 84   wt.% of PEO were used for fi tting), and the 
fi tted mathematical expression is as follows:
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     Figure 12.2     Experimental and predicted data of CO 2  permeability (for different block 
copolymer) as a function of molecular weight of PEO block  [modifi ed plot from ref.  67 ]   
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  Table 12.2    Thermal properties of PEO - PBT multi - block copolymers   [Reprinted with 
permission  67 ]   

   Polymer     PEO     PBT  

    T  g  ( ° C)      T  m  ( ° C)      X  c  (%)      T  m  ( ° C)      X  c  (%)  

  600PEO77PBT23     − 42     –      –     110    3  
  1000PEO80PBT20     − 45    19.6    16     –      –   
  1500PEO77PBT23     − 49    27.0    24     –      –   
  300PEO55PBT45     − 20     –      –     152    6  
  4000PEO55PBT45     − 49    40.5    19    213    9  
  4000PEO77PBT23  *       − 53    45.0    42     ∼ 180     –   

    Source: Reprinted with permission from Advanced Functional Materials, Tailor - made polymeric membranes based 
on segmented block copolymers for CO 2  separation, by A. Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 
2815 – 2823. Copyright (2008) Wiley - VCH. 

    P M MCO w w2
5 22 2746 0 1081 2 10( ) = − + ⋅( ) − ⋅ ( )−. .     (12.3)   

 From those points (theoretical data) one can conclude that the CO 2  permeability would 
have a maximum value for the copolymer containing PEO with a molecular weight 
between 2500 and 3000   g/mol. However, the commercially available polymer is that with 
1500   g/mol (1500PEO77PBT). In order to validate the model and to have real information 
about the behaviour of these copolymers, the polymer 4000PEO77PBT23 was designed 
by us, and synthesized by PolyVation (Netherlands)  [67] . The permeability of the syn-
thesized polymer was lower than expected, as observed in Figure  12.2 . 

 The low permeability in 4000PEO77PBT23 copolymer has been attributed to high 
crystallinity of PEO phase ( X  c    =   0.42), moreover the  T  m  was high (45    ° C), which shows 
that at room temperature the crystallities are big. The data for commercial polymers are 
given for comparison in Table  12.2   [67] . Therefore, besides the PEO content in the 
polymer system, the amorphous/crystalline phase ratio of PEO is also very important for 
improving the CO 2  permeability, because an increase in the content of the crystalline 
phase leads to a strong decrease of solubility and diffusivity, and consequently the perme-
ability drops. As mentioned above, one way to enhance the gas permeability is destroying 
the crystalline phase, which will improve the solubility as well as diffusivity. Addition 
of 50   wt.% of PEG (200   g/mol) reduced the crystallinity of the PEO phase ( T  m    =   38    ° C 
and  X  c    =   0.23) in the polymer designed (4000PEO77PBT23), thus a membrane with 
higher permeability has been obtained. The high permeability observed in that membrane 
is also due to the increased chain motion ( T  g  decrease from  − 53 to  − 79 ° C).   

 Table  12.2  shows thermal properties (obtained from second heating) of different PEO -
 PBT copolymers; since the PEO content and molecular weight vary (300 – 4000   g/mol) 
different glass transition temperatures ( T  g ) are observed for each sample. It was not possible 
to detect by DSC method, the  T  g  of PBT blocks and according to literature it should be 
around 60    ° C  [62] .  T  g  in block copolymers with 77 – 80   wt.% of PEO content slightly 
decreases according to the PEO molecular weight increase, whereas  T  m  and degree of crys-
tallinity ( X  c ) increase. Interpretation of  T  g  and  T  m  is consistent for copolymers containing 
55   wt.% of PEO as well. For the PBT phase, an increase in PBT fraction seems to lead to 
higher values of  T  m  and  X  c .  T  m  for crystalline PBT is between 110 and 213    ° C  [67,74] . The 
length of PBT chains ( M  w ) is unknown; hence their infl uence on the thermal properties can 

  *    designed polymer .
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not be discussed. Taking into account these results, block copolymers with high  M  w , high 
fraction of PEO and low crystallinity could exhibit desired properties for gas separation. 

 Figure  12.3  illustrates thermogravimetric results of PEO - PBT copolymers performed 
under argon. The samples start to degrade at approximately 330    ° C. There is no signifi cant 
difference in temperature of degradation between different copolymers, but it is possible 
to distinguish that samples with high PEO content start to degrade at lower temperatures. 
All samples show good thermal stability, and thus, they are promising membrane materi-
als, which can be used for gas separation at moderately high temperature ( ∼ 100    ° C). The 
temperature of exhaust gas in power plants for example is  > 55 ° C; hence the membranes 
developed from these copolymers have potential application in this scenario.    

   12.3    Block Copolymers and their Blends with Polyethylene Glycol 

 It has been observed  [24]  that for PEG (200   g/mol) modifi ed Pebax  ®   membrane for CO 2  
separation the CO 2  permeability increased by a factor of about 2 (from 73 to 151   Barrer) 
and the separation factor CO 2 /H 2  also increased by PEG addition (50   wt.%). This enhance-
ment was attributed to the appearance of additional ethylene oxide (EO) units and free 
volume increase. Higher content of EO units results in an increase in the solubility of 
CO 2 . Later, the total free volume increase and hence the increase of the permeability 
was demonstrated by measurements of density and by positron annihilation lifetime 
spectroscopy (PALS) analysis  [75] . 
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     Figure 12.3     Thermal gravimetric analyses of PEO - PBT multi - block copolymers . Reprinted 
with permission from Advanced Functional Materials, Tailor - made polymeric membranes 
based on segmented block copolymers for CO 2  separation, by A. Car, C. Stropnik, W. 
Yave, K. - V. Peinemann, 23, 2815 – 2823. Copyright (2008) Wiley - VCH   
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 Figure  12.4  presents the density decrease and the total fractional free volume (FFV) 
increase by addition of PEG into the Pebax  ®  . The experimental values of density, which 
are lower than those calculated by the additive model, suggest that the total free volume 
is increased. The FFV was estimated from a defi nition of the volume fraction of the fi ller 
by using density values  [76] , and by solving the following equations:  
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    FFV FFV FV= +P V     (12.6)  

where   φF
N and   φF

T are the nominal and the true fi ller volume fraction respectively,  W  F ,  W  P , 
  ρ   F  and   ρ   P , are the weight percents and densities of fi ller and pure polymer respectively 
and,   ρ   C ,  V  V ,  FFV  P  and  FV  V  are the density of composite, the void volume, the fractional 
free volume of pure polymer and the void volume fraction. Note that the total FFV has 
been calculated by adding the void volume fraction created by PEG addition to the free 
volume fraction of pristine copolymer. 
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     Figure 12.4     Density and fractional free volume of Pebax ® /PEG as function of volume 
fraction of PEG determined by additive model and buoyancy method  [modifi ed plot from 
ref.  24 ]   
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     Figure 12.5     o - Ps lifetime and o - Ps intensity as a function of PEG content  [reprinted with 
permission from ref.  75 ]   

 These results encouraged us to study in more detail this kind of blends, and the dem-
onstration of free volume increase by using PALS was our goal. If we could demonstrate 
it for rubbery - like membranes, novel strategies for improving the membrane performance 
could be developed. The success of application of PALS to polymers is largely due to 
the so - called standard model developed by Tao and Eldrup which allows a quantitative 
description of the relation between free volume and ortho - positronium (o - Ps) lifetime 
(  τ   o - Ps )  [77,78] . This quantum mechanical model is based on an assumption that o - Ps is 
confi ned in spherical holes (free volume elements) with infi nitely high walls and gives a 
direct relationship between   τ   o - Ps  and the size of the free volume:
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where  R  is the average radius of holes (free volume element),  R  0    =    R    +     Δ R  and 
  Δ R    =   0.166   nm. 

 PALS gives information about size and size distribution of free volume in amorphous 
polymers. In interpreting the results on free volume variation in rubbery polymers we use 
the concept of dynamic free volume  [75,79] . The results show that in these membranes, 
the FFV varies by addition of PEG (Figure  12.4 ), but the average size of the free volume 
element does not change signifi cantly at room temperature (Figure  12.5 ). As expected, 
this is due to the rubbery or apparent molten state of PEO. Although the size of these 
holes did not signifi cantly increase, the dynamic free volume has been greatly enhanced 
because of plasticizer behaviour of PEG. Thus the total free volume was increased and 
consequently the observed CO 2  permeability was higher.   
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     Figure 12.6     CO 2  diffusivity as a function of 1/FFV in Pebax ® /PEG membranes  [modifi ed 
plot from ref.  75 ]   

 When gas diffusivity is plotted versus 1/FFV, a linear relationship is obtained (Figure 
 12.6 ). As is known, models based on free volume have been used to describe gas 
diffusion in polymers  [80 – 84] , and the correlation between the logarithm of diffusion 
coeffi cient and 1/FFV often gave a straight line. Because of FFV calculation from density, 
gas diffusivity and PALS measurements are completely independent; the good correlation 
between them supports the idea of increasing the total free volume in rubbery - like mem-
branes, in our case increase of total free volume in Pebax  ®   due to the PEG presence. 
Therefore, besides CO 2  solubility increase in Pebax  ®  /PEG blend membranes, the total 
free volume increase due to the plasticizer is also considered as an important factor for 
improvement of gas permeability. In searching for the design of novel membrane rubbery -
 like materials it is desirable to develop strategies to enhance the chain fl exibility and the 
total free volume in order to increase the gas permeability keeping the selectivity intact.   

 The two most promising Polyactive copolymers, i.e. 1500PEO77PBT23 and 
4000PEO55PBT45, were also used for the preparation of blends with PEG. It was made 
in order to tailor a blend membrane material with improved CO 2  separation performance. 
Blend membranes prepared from both copolymers showed excellent miscibility with 
PEG200 up to 50   wt.%. Table  12.3  presents the permeabilities of different gases and 
selectivities for 1500PEO77PBT23/PEG200 blend membranes. CO 2  permeability slightly 
increases from 115   Barrer (pristine copolymer) to 134   Barrer (blend with 30   wt.% of 
PEG), then it decreased to 110   Barrer. As can be seen, all gases behave in similar way, 
i.e. fi rst the permeability increases at lower content of PEG ( < 30   wt.%), and then at higher 
PEG content it decreases to values close to the pristine copolymer. This behaviour has 
been related to the crystallinity increase or chain ordering because of strong hydrogen 
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bonding, since a new melting point was observed between 50 and 150    ° C (discussed later). 
The selectivities are almost constant.   

 The diffusivity of gases plotted as a function of PEG content is shown in Figure  12.7 , 
and the H 2  diffusivity decreases after the addition of 10   wt.% of PEG. The diffusivity of 
other gases has a similar trend. Therefore we concluded that the amorphous phase fraction 

  Table 12.3    Permeability and perm selectivity of 1500 PEO 77 PBT 23 blend membranes 
with  PEG    [Reprinted with permission  67 ]   

  Permeability, Barrer  
  PEG (wt.%)    0    10    20    30    40    50  
  H 2     11.3    11.8    11.5    12.1    10.8    10.1  
  N 2     2.52    3.1    3.2    2.8    3.8    3  
  CH 4     6.76    7.63    8.3    8.9    7.6    7.5  
  CO 2     115    130    126    134    114    110  

  Permselectivity  
  CO 2 /H 2     10.2    11.0    11.0    11.1    10.6    10.9  
  CO 2 /N 2     45.6    42.1    40.0    48.7    30.1    36.9  
  CO 2 /CH 4     17.0    17.0    15.2    15.1    15.0    14.7  

 Source: Reprinted with permission from Advanced Functional Materials, Tailor - made polymeric membranes based 
on segmented block copolymers for CO 2  separation, by A. Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 
2815 – 2823, Copyright (2008) Wiley - VCH. 
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     Figure 12.7     Diffusivity of different gases (H 2 , N 2 , CH 4  and CO 2 ) in copolymer 
1500PEO77PBT23 . Reprinted with permission from Advanced Functional Materials, Tailor -
 made polymeric membranes based on segmented block copolymers for CO 2  separation, by 
A. Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 2815 – 2823. Copyright (2008) Wiley - VCH   
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     Figure 12.8     Permeability and diffusivity of 4000PEO55PBT45 blends with PEG as function 
of total PEO. Reprinted with permission from Advanced Functional Materials, Tailor - made 
polymeric membranes based on segmented block copolymers for CO 2  separation, by A. 
Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 2815 – 2823. Copyright (2008) Wiley - VCH    

decreased in the blends with higher PEG content. Blend membranes were optically homo-
geneous, since all samples were completely transparent. Thus, no phase separation is 
expected. Transport in blends depends upon composition, miscibility and phase morphol-
ogy. In homogeneous blends, the diffusion process is infl uenced by the interaction between 
the components  [85,86] , while in heterogeneous blends the interfacial phenomena and the 
rubbery or glassy nature of phases are important  [87] . Consequently, the permeability 
depends on heterogeneity of the system and the method of blend preparation  [88] . A 
selection of polymer and additive with good compatibility are important in order to have 
a homogeneous system. However, strong interactions which can produce a perfectly 
homogeneous blend cannot be required, because hydrogen bonding can decrease the 
permeability due to the free volume decreases.   

 Copolymer 4000PEO55PBT45 has longer PEO segment than 1500PEO77PBT23, 
hence the addition of PEG with 200   g/mol effectively hindered the hydrogen bonding. 
It can be assumed that somehow the PEG chains are accommodated between polymer 
segments and create higher fractional free volume (more amorphous phase). The CO 2  
permeability in pristine copolymer is 96   Barrer and it is increased two fold ( ∼ 190   Barrer) 
by addition of 50   wt.% of PEG (as 77.5   wt.% calculated by Equation  12.8 ). Thus, the 
incorporation of EO units as PEG into the 4000PEO55PBT45 polymer matrix clearly led 
to a material with improved gas transport properties (Figure  12.8 ). This fact has been 
attributed to the structural (increase in the content of EO units) and morphological 
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(decrease in crystallinity) changes in the membrane As can be observed in Figure  12.8 , 
the diffusivity of all gases is increased, as is the case with Pebax, and this is in agreement 
with the increases in the free volume.   

 It is worth to mention that permeabilities for 4000PEO55PBT45/PEG blend mem-
branes shown in Figure  12.8  are according to recalculated values of total PEO content, 
which was done by using the following equation:

    wt m m⋅ = ⋅ +% .PEOtotal copolymer PEG0 55 200     (12.8)  

where 0.55 represents the mass fraction of PEO in the copolymer,  m  copolymer  and  m  PEG200  
are the mass of copolymer and PEG in 100   g of blend, respectively. 

 Figure  12.9  describes the strategy of preparation of a tailor - made blend membrane. By 
adding 50   wt.% of PEG as additive into the copolymers, membranes with improved prop-
erties can be produced. However, a limit may exist because of hydrogen bonding, which 
results in decreased chain mobility and CO 2  solubility. In order to develop novel mem-
brane materials with better performance as compared to those developed here, other 
strategies must be studied i.e. strategies for a simultaneous increase in solubility and dif-
fusivity (hindering the hydrogen bonding).   

 The enhancement of permselectivity, solubility selectivity and diffusivity selectivity of 
4000PEO55PBT45/PEG blend membranes are presented in Table  12.4 . The successful 
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  Table 12.4    Permselectivity, solubility and diffusivity selectivity of 4000 PEO 55 PBT 45 
blend membranes with  PEG    [Reprinted with permission  67 ]   

  Permselectivity  
  PEO [wt.%]    55.0    59.5    64.0    68.5    73.0    77.5  
  CO 2 /H 2     10.8    10.6    11.7    12.3    12.4    13.2  
  CO 2 /N 2     43.5    46.8    44.9    45.4    49.1    47.3  
  CO 2 /CH 4     17.1    15.8    16.4    16.4    16.4    15.9  

  Solubility selectivity  
  CO 2 /H 2     67.5    58.8    61.7    64.9    72.9    77.8  
  CO 2 /N 2     82.1    85.0    62.3    66.7    68.2    71.7  
  CO 2 /CH 4     12.6    13.5    13.8    14.5    14.5    16.1  

  Diffusivity selectivity  
  CO 2 /H 2     0.16    0.18    0.19    0.19    0.17    0.17  
  CO 2 /N 2     0.53    0.55    0.72    0.68    0.72    0.66  
  CO 2 /CH 4     1.36    1.17    1.19    1.13    1.13    0.99  

 Source: Reprinted with permission from Advanced Functional Materials, Tailor - made polymeric membranes based 
on segmented block copolymers for CO 2  separation, by A. Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 
2815 – 2823. Copyright (2008) Wiley - VCH. 

CO 2  separation by using a membrane prepared from a rubbery polymer is based on high 
solubility selectivity, while diffusivity selectivity should be maintained or even increased. 
The CO 2 /H 2  permselectivity is increased (due to the increased EO units), which is a con-
sequence of solubility selectivity increase. The strategy of increasing the solubility plays 
an important role, because of the unfavourable diffusivity selectivity. Incorporation of 
PEG increases the permselectivity of the pair CO 2 /H 2  to 13. However, the CO 2 /N 2  and 
CO 2 /CH 4  permselectivities are maintained almost constant due to the similar penetrants 
size.   

 Numerous models have been developed to describe transport properties in heterogene-
ous polymer systems, but the one mostly used is the Maxwell approach  [89] . The Maxwell 
equation has been used by Robeson  et al.   [90]  to calculate the gas permeability of block 
copolymers. Other authors also applied it to mixed matrix membranes, and permeability 
has been calculated:

    P
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    (12.9)  

where  P  is the effective permeability,   Φ   is volume fraction of dispersed phase, and the 
subscripts d and c refer to dispersed and continuous phases, respectively. 

 In homogeneous systems (blends), the permeability can be calculated by simple addi-
tive model:

    ln ln lnP P P= + −( )Φ Φ1 1 1 21     (12.10)  

where  P ,  P  1  and  P  2  are gas permeabilities in homogeneous blend, pristine polymer and 
dispersed polymer respectively, and   Φ   1  is the volume fraction of polymer matrix. In 
Figure  12.10  the theoretical values and experimental data for three copolymers and their 
blends are presented, i.e. Pebax  ®  , 1500PEO77PBT23, and 4000PEO55PBT45 with PEG. 
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The Maxwell model was calculated only for Pebax/PEG system in order to compare the 
data with an additive model.   

 Pebax  ®  /PEG and 40000PEO55PBT/PEG exhibit similar trend (experimental data): the 
higher the PEG content, the higher the permeability. 1500PEO77PBT/PEG blends, 
however, are different: permeability increases and then is reduced below theoretical 
values calculated by the additive model. It can be observed that every copolymer shows 
different behaviour; hence, the selection of an appropriate additive for a specifi c copoly-
mer is very important. 

 DSC curves obtained for the 1500PEO77PBT23 copolymer and its blends with PEG 
are presented in Figure  12.11 . In the fi rst heating (solid lines) and second heating (dashed 
lines) the melting temperatures of PEO phase are between 10 and 35    ° C; for the second 
heating the melting temperatures are shifted to higher values. The pristine copolymer does 
not show the melting temperature of PBT, and the blends present peak around 140    ° C in 
the fi rst heating, which disappear in the second heating. These results show that an ordered 
structure is present in the as - cast membranes and therefore indicate that the microphase 
separation between PEO and PBT was induced, as revealed in endothermic peaks.   

 On the other hand, pristine 4000PEO55PBT45 copolymer showed two characteristic 
 T  m  values (40    ° C for PEO and 213 for PBT, see Table  12.2 ). It is consistent with the 
microphase separated structure in block copolymers  [91] . For the blend samples  T  m  for 
the PEO crystalline phase was shifted to higher values when PEG is added into the 
polymer matrix (Figure  12.12 a). These results are in contradiction to those observed in 
Pebax/PEG system reported earlier  [24] . High PEG content slightly increases the crystal-
linity: from 19% (pristine polymer) to 24% (blend with 50% of PEG).  T  m  values of PBT 
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in blend samples are not well defi ned (Figure  12.12 b), they are shifted to lower values 
with PEG content, and blends with high PEG content presented only an amorphous phase. 
Thus, the decrease of crystallinity in the PBT phase led to greatly improved diffusivity 
for all gases (Figure  12.8 ), especially for H 2  and CO 2 . Thermal properties and the crystal-
linity values are in a good agreement with permeability values: the higher the content of 
the amorphous phase, the higher is the rate of gas transport. The observed peak ( ∼ 140    ° C) 
in a previous blend based on 1500PEO77PBT23 copolymer was not detected in the 
present blend (4000PEO55PBT45/PEG). Therefore, the lower permeability obtained in 
1500PEO77PBT23/PEG blends has been mainly attributed to the ordered structure found 
by DSC analysis. Although this ordered phase is not thermally stable, its presence in fresh 
fi lms could have affected the gas permeability.   

 Some results of atomic force microscopy (AFM) of pristine copolymers and their 
blends are presented in Figure  12.13 . The blends contain 40   wt.% of PEG and they are 
representative samples for discussion of morphology. Microphase separation can be 
observed in Polyactive  ®  /PEG blend (Figure  12.13 b) and not in pristine copolymer 
(Figure  12.13 a). As observed in DSC analysis, the blends presented an ordered structure 
(Figure  12.11 , peak around 140    ° C), in good agreement with AFM images. The PEG in 
Polyactive  ®   can induce microphase separation because of strong hydrogen bonding, and 
the PBT hard phase is surrounded by PEO and PEG phase, thus the CO 2  permeability is 
decreased.   
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     Figure 12.11     DSC thermogram of copolymer 1500PEO77PBT23 and its blends with 
PEG200. The termograms have been displaced vertically for easier viewing . Reprinted with 
permission from Advanced Functional Materials, Tailor - made polymeric membranes based 
on segmented block copolymers for CO 2  separation, by A. Car, C. Stropnik, W. Yave, 
K. - V. Peinemann, 23, 2815 – 2823, Copyright (2008) Wiley - VCH   
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 The morphology of Pebax  ®   samples (Figures  12.13 c and  12.13 d) are different in com-
parison with Polyactive  ®   samples. The pristine Pebax  ®   presents ordered structures as a 
result of microphase separation, and its blend with PEG does not exhibit any organized 
structure, hence a higher gas permeability is observed in these blend membranes. In 
Polyactive/PEG membranes the hydrogen bonding can be stronger than in Pebax  ®  /PEG 
blend, this can induce an organization of phases and consequently the CO 2  permeability 
will be reduced.  
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     Figure 12.12     DSC thermograms for (a) PEO and (b) PBT blocks in copolymer 
4000PEO55PBT45 . Reprinted with permission from Advanced Functional Materials, Tailor -
 made polymeric membranes based on segmented block copolymers for CO 2  separation, by A. 
Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 2815 – 2823. Copyright (2008) Wiley - VCH   
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   12.4    Composite Membranes 

 The novel developed membrane materials should have potential applications on a large 
scale. The composite membrane preparation and its evaluation therefore must present 
promising results before testing the membranes in a real gas mixture. Single gas (CO 2 , 
H 2 , N 2  and CH 4 ) measurements of Pebax   ®   /PEG blend membrane at high pressure (up to 
20   bar) and at 293   K presented higher CO 2  fl uxes than pristine copolymer (Figure  12.14 ). 

(b)(a)

0 1.00 mm 0 1.00 mm

(d)(c)

     Figure 12.13     AFM height images (surface) for: (a) pristine Polyactive ® , (b) Polyactive ® /
PEG blend, (c) pristine Pebax ®  and (d) Pebax ® /PEG blend  [Reprinted with permission  24 ]   
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This fi gure shows the CO 2  fl ux as a function of fugacity, and in all samples (Pebax   ®    and 
blend membranes) the CO 2  fl ux increased when the fugacity was increased from 5 to 
20   bar. This is expected because in rubbery polymers, the solubility coeffi cient is the 
determinant and it strongly depends on gas condensability, especially when strong per-
meant – polymer interactions exist.   

 After single gas measurements, mixed gas experiments were carried out with 50/50   vol.% 
in the feed for CO 2 /H 2  and CO 2 /CH 4 , and 25/75   vol.% for CO 2 /N 2  at 293   K and a total 
feed pressure up to 20   bar. The fl uxes of CO 2  as a function of the total fugacity are plotted 
in Figure  12.15 . The pressure increase enhances the CO 2  fl ux for the CO 2 /H 2  and CO 2 /
CH 4  mixture, which is a consequence of membrane swelling. However, the fl ux of CO 2  
in the CO 2 /N 2  mixture slightly decreases with a pressure increase. This behaviour has 
been attributed to the gas composition in the feed, since high concentration of N 2  would 
decrease the CO 2  fl ux due to the plasticization effect, thus the N 2  fl ux would increase and 
simultaneously the CO 2 /N 2  selectivity is reduced. When a membrane is plasticized by one 
component from a mixture, the permeability or fl ux of the other one is increased  [92] ; a 
stronger plasticization effect could be observed in CO 2 /CH 4  mixture (30 – 50   wt.% of PEG) 
due to methane presence, since it has stronger sorption behaviour than hydrogen and 
nitrogen. However, all CO 2  fl uxes of the membrane measured with mixed gases show 
good agreement with those obtained by single gas measurements. Although the CO 2  fl ux 
is not signifi cantly increased with the feed pressure, the Pebax   ®   /PEG membrane with 
50   wt.% of PEG presented high CO 2  fl ux in the whole operating pressure range ( > 0.3   m 3 /
m 2    h   bar for CO 2 /N 2  mixture).   
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     Figure 12.14     Flux of CO 2  as a function of fugacity in single gas. ( -  �  -  0% PEG,  -  �  -  10% 
PEG,  -  �  -  20% PEG,  -  �  -  30% PEG,  -  �  -  40% PEG and  -  �  -  50% PEG  [Reprinted with 
permission  93 ]   
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 The selectivity of membranes for mixed gas has been different compared to the selec-
tivity based on single gas. Although the data are not collected in the same operating 
pressure as in single gas experiments, all results are in the same operating range (see 
Figures  12.14  and  12.15 ). The observed CO 2 /gas selectivities based on single gas meas-
urement are higher than mixed gas selectivities due to the plasticization effect. Membranes 
with high PEG content presented better performance under all operating conditions, and 
the best improvement was observed for CO 2 /H 2  mixed gas (selectivity  > 9.4 and CO 2  fl ux 
 > 0.31   m 3 /m 2    h   bar). Selectivity is constant for the whole pressure range. This result is in 
reasonable agreement with that reported earlier for homogeneous fi lms  [65] . The CO 2 /N 2  
selectivity is between 63 and 70 depending on the feed pressure, and CO 2  fl ux is higher 
than 0.23   m 3 /m 2    h   bar. The CO 2 /CH 4  selectivity for Pebax   ®   /PEG blend membranes is 
similar when compared with pristine polymer at 8   bar (around 17), but by increasing the 
pressure it dropped ( ∼ 10), which is most evident in blends with higher PEG content 
(Pebax   ®   /PEG with 50   wt.% of PEG). As expected and according to the sorption effects 
of CO 2  and CH 4 , the high fl ux ( > 0.33   m 3 /m 2    h   bar) of CO 2  in this mixture is accompanied 
with a fl ux increase of CH 4 , which leads to lower selectivity in mixed gas.   

 These membranes, evaluated at different temperatures, presented promising results 
 [93] . They also presented good stability and a CO 2  fl ux higher than 0.5   m 3 /m 2    h   bar was 
obtained at 55    ° C, which is approximately the fl ue gas temperature. This membrane was 
tested and used for simulation and optimization of multi - stage membrane systems used 
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     Figure 12.15     Flux of CO 2  in mixed gas as a function of total fugacity. ( -  �  -  0% PEG, 
 -  �  -  10% PEG,  -  �  -  20% PEG,  -  �  -  30% PEG,  -  �  -  40% PEG and  -  �  -  50% PEG  [Reprinted 
with permission  93 ]   
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     Figure 12.16     CO 2 /gas selectivity in single gas and different mixed gas as a function of 
fugacity. ( -  �  -  0% PEG,  -  �  -  10% PEG,  -  �  -  20% PEG,  -  �  -  30% PEG,  -  �  -  40% PEG and 
 -  �  -  50% PEG . Reprinted with permission from Advanced Functional Materials, Tailor - made 
polymeric membranes based on segmented block copolymers for CO 2  separation, by A. 
Car, C. Stropnik, W. Yave, K. - V. Peinemann, 23, 2815 – 2823, Copyright (2008) Wiley - VCH   

in a coal - fi red power plant  [94] . Based on ideal feed gas of 14% CO 2  and 86% N 2 , a 
two - stage cascade membrane system presented the best results. For the developed mem-
brane (Pebax  ®  /PEG) a CO 2  - capture cost of 57   Euro/tonne of separated CO 2  was calculated 
which is clearly higher than absorption process (30 – 50   Euro/tonne). However, an improve-
ment of fl ux from 0.5 to 1.4   m 3 (STP)/m 2    h   bar can reduce the cost to 40   Euro/tonne, which 
demonstrates that membrane technology can compete with absorption process, although 
a membrane with higher fl ux is required.  

   12.5    Conclusions and Future Aspects 

 It is accepted that in the last 20 years there were no signifi cant improvements in CO 2  -
 separation membranes; rather, improvement or development of new membrane material 
was in laboratory scale but not on large scale. It seems that performance of polymeric 
membranes has reached a maximum level and it is diffi cult to achieve signifi cant improve-
ments. On the one side, the membrane technology (e.g. modules, engineering) is being 
daily improved, but on the other side, the lack of new materials with higher performance 
does not allow further progress. Actually, the cardo - polyimide membrane developed by 
RITE institute could be the best for CO 2  separation, but it is still in consideration for 
large - scale applications  [95] . 
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 From results discussed above, one can see that an improvement of existing membrane 
material with high performance can be cheap and easy to scale - up. 

 Tailor - made polymeric membranes such as poly(ethylene(oxide) - poly(butylene tereph-
thalate), a multi - block copolymer discussed in this chapter, is controlled by fraction 
of PEO phase and its molecular mass, thus allowing its structural manipulation. The addi-
tion of a plasticizer and fi ller which can simultaneously enhance the solubility and 
diffusivity selectivity of CO 2  over other gases will produce materials with the desired 
transport properties, thereby the study of block copolymers, its assembly and its nanos-
tructures seem to be the way that will enable to fi nd a superior membrane material. 
Following the proposed strategy (simultaneous increase of solubility and diffusivity by 
increasing the free volume in rubbery - like membranes), membranes with better perform-
ance were recently reported, hence we strongly recommend to the readers the references 
 [96 – 98] .  
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    13.1    Introduction 

 There is a worldwide accepted viewpoint that global warming is real, and that anthr-
opological carbon dioxide is a major cause of this. Adding more greenhouse gas would 
lead to a serious increase in the planet ’ s surface temperature. Although nobody knows 
for sure what will happen, the resulting climate changes appear as the greatest threat to 
the planet. Therefore, reducing CO 2  emissions to the atmosphere is an important issue 
worldwide. 

 Major CO 2  emissions sources are generated by fossil fuel combustion within the power 
and industrial sectors. Storage of the greenhouse gas in empty gas fi elds and aquifers 
could be a solution. To store CO 2  underground it should be captured fi rst. The most cur-
rently used post - combustion technology is absorption columns by means of an organic 
liquid. The fl ue gases are scrubbed in several reactors in which the CO 2  is bound by 
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amines. This technology consumes a lot of energy and is therefore not very cost effective. 
As well as the energy consumption and pollution due to amine loss to the environment, 
huge installations are needed. The use of membranes to selectively remove CO 2  from gas 
mixtures would be of great interest due to the known advantages of the membrane proc-
esses  [1] . However, the extraction of CO 2  from low concentration fumes is diffi cult. 
According to a study, it is necessary to have at least a CO 2  concentration of 10 – 15   vol.% 
(coal fumes, steel production fumes) to have a competitive membrane process  [2] . 

 The major problem for the use of membrane - based CO 2  separation is the lack of com-
mercial membranes with both high permeability and high selectivity. Gas separation 
membranes based on polymer blends were shown to have improved mechanical proper-
ties, better membrane - forming ability and higher gas permeability  [3] . By blending, a 
combination of useful properties of each polymer can be obtained without the tedious 
work required in the design of a new product. Compared with other modifi cation 
technologies or the synthesis of entirely new materials, polymer blending has several 
advantages, such as simplicity, reproducibility and low fabrication cost, thus membrane 
fabrication is commercially feasible  [4] . 

 Most of the research work has been focused on polymer membrane materials involving 
a solution - diffusion mechanism. The performances of such materials generally fall within 
the trade - off relationship between permeability and selectivity suggested by Robeson  [5] , 
with an  ‘ upper bound ’  limit for the membrane performances. 

 Kawakami  et al.   [6]  in a study on PEG loaded in porous regenerated cellulose con-
cluded that the acid – base reaction between the acidic CO 2  and the electron - rich ether 
oxygen atoms of the PEG molecules is probably responsible for the enhanced solubility 
of CO 2  in PEG. 

 The upper bound relationship between permeability and selectivity might also be 
overcome with facilitated transport membranes, because the latter have both a high per-
meability and a high selectivity via reversible reactions between reactive carriers and the 
target gas, carbon dioxide. 

 Recently, a new type of polymer material was reported to have a great potential for 
carbon dioxide separation from natural gas. It very selectively removed carbon dioxide 
by permeation through hourglass - shaped pores of molecular size, while impeding that of 
methane through these same pores  [7] . 

 Ward and Neulander  [8]  investigated the separations of SO 2 /CO 2  mixtures by liquid 
membranes and found that polyethylene glycol (PEG) exhibited much higher solubility 
coeffi cients (0.7   mol   L  − 1    atm  − 1 ) for SO 2  compared to that of CO 2  (0.1   mol   L  − 1    atm  − 1 ) at 
25    ° C. Although the separation of CO 2 /SO 2  was not effective, PEG was found to be an 
excellent solvent for polar gases. 

 Lin and Freeman  [9]  have reported an overview about material selection for membrane 
preparation for removal of CO 2  from gas mixtures. In that article, CO 2  solubility and CO 2 /
gas solubility selectivity in solvents and polymers containing different polar groups were 
discussed. They have concluded that ethylene oxide (EO) units in the polymer appear 
to be the most useful groups to achieve high CO 2  permeability and high CO 2 /light gas 
selectivity. Although homo - poly(ethylene oxide) (PEO) consists of EO monomer units, 
the disadvantage of pure PEO membranes lies in their strong tendency to crystallize, 
leading to a low membrane permeability. They defi ned three strategies for incorporating 
high concentrations of PEO with low crystallization tendency into polymers: 
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  (1)     using low molecular weight liquid PEO or PEG  
  (2)     designing phase - separated block copolymers with EO - rich but short segments  
  (3)     building highly branched, cross - linked networks with high concentrations of PEG.    

 Block copolymers containing EO units like poly(amide -  b  - ether) have been shown as a 
good material for this purpose. 

 In this chapter, we followed the idea of Lin and Freeman of enhancing CO 2  separation 
properties. We investigated high selectivity membranes made of Pebax ®  block copoly-
mers and their blends with free PEG (PEG is the standard abbreviation of polyethylene 
glycol, a short - chain polyethylene oxide polymer). These membranes were developed 
using a grant from the French Environment and Energy Management Agency (ADEME) 
and the Normandy Region from 2004 to 2007. The report on the results obtained with 
these membranes won an award in the innovative technologies for the environment at the 
Lyon Pollutec meeting in 2006. 

 It should be noted that Car  et al.   [10,11]  (see also Chapter  12  of this volume) worked 
independently on similar blend membranes, which were made of Pebax ®  1657, a grade 
of commercial poly(amide -  b  - ether) block copolymer with six polyamide blocks, and free 
PEG. Those membranes were also shown to exhibit high selectivity and permeability 
performances, which were attributed to changes in both the chemical composition (i.e. 
higher EO content) and the morphological structure (i.e. lower material crystallinity). On 
the contrary, Jaipurkar  [12]  observed CO 2  permeability and selectivity improvements for 
the blend of Pebax ®  2533 with 25% of PEG 10000, but not for the blends with other 
PEG molecular weights or composition. 

 Those results motivated us, in the present work, to study the structure, physical char-
acteristics and gas transport properties of membranes made of different grades of Pebax ®  
block copolymers and their blends with PEG (Table  13.1 ).   

 Another type of membrane with high CO 2  separation performances is the facilitated 
transport membrane. Membranes of this type are those in which an amine - based liquid 
supported by a solid membrane promotes a selective CO 2  permeation. They exhibit gener-
ally a remarkably high selectivity and also high permeability at low CO 2  pressure in the 
feed gas. Unfortunately, they suffer from very poor stability. For the separation of CO 2 , 
fi xed carrier membranes were found to have high permselectivity without the drawback 
of poor stability, but with much lower permeability  [13 – 15] . However, all membranes 
with amine - based carriers suffer from a strong reduction in performance with the reduc-
tion in the relative humidity in the gas mixtures, because the presence of water in the 

  Table 13.1    General features of the different Pebax ®  

  Pebax ®  series    11    13    31    33  
  Pebax ®  grade    1657    1878    1074    3000    1041    6100    1205  
  PA/PE block 

nature  
  PA6/PEO    PA6/PTMO    PA12/PEO    PA12/PTMO  

  PA/PE wt.%    50/50    66,7/33,3    50/50    75/25    50/50  
  Density    1.14    1.09    1.07        1.04        1.01  
  Melting point 

( ° C)  
  204    195    158        170        147  
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whole membrane is required for the CO 2  – amine group interactions  [16] , thus affecting 
the rate of the CO 2  permeation through the membrane. We think that, if amine groups 
were grafted on the membrane surface facing the feed mixture, the CO 2  selective sorption 
into the membrane upstream face would be enhanced even at low humidity, leading to a 
general improvement of the membrane performance. 

 The plasma technique  [17]  either through surface modifi cation or deposition of addi-
tional layers is often used to improve the transport properties of polymer fi lms. For 
example, the CF 4  plasma treatment of the poly(trimethylsilylpropyne) membrane  [18]  
induces an increase of its permselectivity towards oxygen and nitrogen compared to the 
virgin membrane. A composite polybutadiene/polycarbonate (PB/PC)  [19]  membrane 
treated in CHCl 3  plasma shows higher oxygen permeation with transport properties 
depending on the plasma parameters like duration and power. These alterations of trans-
port properties are associated with a chemical modifi cation of the membrane surface, i.e. 
densifi cation and/or cross - linking. 

 When the plasma is created in gases such as N 2 , NH 3 , H 2 /N 2 , NO, NO 2  or their mixtures, 
the interactions between nitrogen, ammonia and mixture of hydrogen and nitrogen lead 
to attachment of different nitrogen - containing functions (amino, amide, nitrile, imide 
groups)  [20,21] . An attraction of such modifi cations is to prepare surfaces with high levels 
of hydrophilicity and with attached sites having polar and basic characters that may be 
involved in interactions through Lewis acid – base interactions  [22] . Good examples of 
increased interaction strength with nitrogen and ammonia from a plasma are those of 
treated polyaramid fi bres and polyaramid reinforced resin - matrix  [23] . Poly(p - phenylene 
terephthalamide) (PPTA) can be functionalized with N 2 , NH 3  or methylamine plasma. 
Effects of nitrogen and nitrogen oxide plasmas on polyolefi ns and polyimides were also 
investigated and compared to those of oxygen and oxygen derivatives plasma treatments 
 [23 – 26] . However, in NO - plasma, the main components are fragmented species from NO 
molecules and minor components are from O 2 , N 2  molecules, oxygen and nitrogen atoms; 
therefore the surface - grafted groups are dominated by oxidized species with low interac-
tion ability with carbonic acid gas. 

 In line with these observations, in the second part of the chapter, cold plasma in N 2  
and hydrogen was used to graft amine groups onto a Pebax ®  membrane surface in order 
to enhance the overall transport through the surface - modifi ed Pebax ®  membrane. We 
expect that the amine groups created on the polymer fi lm in a N 2 /H 2  cold plasma gas  [27]  
promote enhanced CO 2  sorption at the upstream membrane surface, and therefore enhanced 
CO 2  selectivity in respect of nitrogen.  

   13.2    Experimental 

   13.2.1    Chemicals 

 PEG with an average molecular mass of 300   g   mol  − 1  and poly(ethylene oxide - co -  
epichlorhydrine) (64 – 69   wt.% of epichlorhydrine) were purchased from Aldrich and used 
as received without further purifi cation (Figure  13.1 ). Pebax ®  samples (extruded fi lms 
and granules) were given by Arkema. Pebax ®  are polyamide block polyether copolymers 
(cf. Figure  13.2 ) and their molecular weight ( M  w ) are between 30   000 and 50   000   g   mol  − 1 .    
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   13.2.2    Membranes 

 Extruded fi lms provided by Arkema were directly used for the permeation studies of 
Pebax ® . 

 Pebax ®  and PEG or PEGEPI blend membranes were prepared by solution casting and 
solvent evaporation techniques. The blend solutions were prepared by thoroughly mixing 
their individual solutions in different ratios. We only used limpid solutions, i.e. solutions 
without phase separation. The bubble - free blend solution was cast to the desired thickness 
on a glass plate pre - heated to 100    ° C, and the solvent  N  - methyl pyrrolidone (NMP) was 
allowed to evaporate slowly at 100    ° C for a period of 24   hrs. We consider NMP as the 
best solvent for Pebax ®  1657, the main polymer used in the present study, since its 
Hildebrand solubility parameter value (22.9   MPa 1/2 ) coincides with that of the polymer 
(22   MPa 1/2 ). Due to the semi - crystalline nature of Pebax ® , heating was still needed for 
thorough polymer dissolution. The membranes were designated by their relative weight 
percentage in the blend, with the numbers given in the same order as that of their abbrevi-
ated name. 

 The fi lm thickness was determined by means of a Mitutoyo ®  micrometer. To obtain 
reliable values, the thickness was determined in nine places on each sample.  

   13.2.3    Gas Permeability Measurements 

 In order to assess the reproducibility of the permeation data obtained for each gas, fi ve 
measurements were carried out per Pebax ®  sample. CO 2  and N 2  permeation properties 
of fi lms were determined using the permeation apparatus previously described  [28] . 
Before measurement, the air present in the permeation cell was completely evacuated by 
applying a vacuum on both sides of the fi lm for one night. The pressure in the permeation 
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     Figure 13.1     Chemical structure of poly(ethylene oxide - co - epichlorhydrine)  
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     Figure 13.2     Chemical structures of (a) polyamide and (b) polyether blocks; polyamide 
block could be PA6 ( x    =   5) or PA12 ( x    =   11) and polyether block could be poly(ethylene 
oxide) (PEO,  y    =   2) or poly(tetramethylene oxide) (PTMO,  y    =   4)  
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cell had a constant value ( < 5    ×    10  − 3    mbar) before starting the permeation experiment. Then 
the upstream side of the permeation cell was exposed to a fi xed pressure of the gas under 
test (0.5   bar  <     p  1   < 3   bars in different experiments). 

 The increase in the pressure  p  2  was measured using a sensitive pressure gauge (0 –
 10   mbar, Effa AW - 10 - T4) linked to a data acquisition system. The quantity  Q ( t ) of gas 
present in the receiving compartment was calculated using the perfect gas law:

    Q
p V

RT
d= 2  

where  V  d  is the calibrated downstream volume (98.13   cm 3 ),  R  is the gas constant and  T  
is the measurement temperature. 

 The permeability coeffi cient  P  (cm 3 (STP)   cm   cm  − 2    s  − 1    cmHg  − 1 ) and the ideal selectivity 
  α   were determined by using the following equations (assuming  p  1     >>     p  2 )  [29] :
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where  Q  is the quantity of STP gas permeated in a time interval  t  at the steady state of 
gas fl ow,  A  is the effective fi lm area for gas permeation (11.64   cm 2 ),  L  is the sample thick-
ness and   PCO2

 and   PN2
 are the permeability coeffi cients of pure CO 2  and N 2 , respectively. 

The accuracy on  P  value is ca. 6%. 
 The sorption coeffi cient  S  was indirectly obtained, by dividing the permeability coef-

fi cient  P  by the diffusion coeffi cient  D . The well - known relationship  P     =     DS  with constant 
diffusivity  D  was assumed to be valid (which is generally the case for gas permeation in 
rubbery polymers at relatively low pressure). The diffusivity  D  is considered to be 
affected by the free volume, i.e. the unoccupied space in the polymer matrix, and the 
solubility  S  by physical and chemical interactions between gas and polymer.  

   13.2.4    Gas Sorption Measurements 

 The gas uptakes were measured with an electronic microbalance, IGA model 002, sup-
plied by Hiden Analytical, Warrington (England). After transferring a fl at piece of mem-
brane to the sample pan, the system was evacuated for several days by turbo - molecular 
pump to evacuate all traces of volatile substances, until a stable weight was reached. The 
sample environment temperature was controlled by a sensor and a thermostatic water 
bath. A gas at a controlled pressure was fed to the sample chamber, and the sample weight 
was monitored as a function of time, until a stable weight was obtained. Afterward, several 
successive pressure levels can be applied and the successive equilibrium mass gains allow 
one to draw the gas sorption isotherm: 

 mass gain   =    f  (pressure applied)  
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   13.2.5    Thermal Behaviour Studies by  DSC  (Differential 
Scanning Calorimetry) 

 The thermal behaviour of samples was analyzed by using the conventional differential 
scanning calorimeter (DSC Q100 TA Instruments). Samples with a mass of about 10   mg 
were used. The heating step was done from  − 90    ° C to 220    ° C at a rate of 10    ° C/min fol-
lowed by an isothermal heating for 10   min, a fi rst cooling from 220    ° C to  − 90    ° C, and a 
second heating in the same range. All DSC runs were carried out under nitrogen atmos-
phere to minimize the oxidative degradation. Before all DSC experiments, the baseline 
was calibrated using empty aluminium pans, and the DSC apparatus was calibrated using 
the melting temperature and enthalpy of a high - purity indium standard (156.6    ° C and 
28.45   J   g  − 1 ). 

 The degree of crystallinity ( X  c ) was determined with the following equation:

    X H Hc m m%( ) = ( )100 0Δ Δ  

where   Δ H  m  is the melting enthalpy per gram of polyamide 12 phase in the membrane 
sample,   ΔHm

0  is the extrapolated value of the enthalpy corresponding to the melting of 
100% crystalline (  ΔHm J g0 1246= −  for PA12 and 230   J   g  − 1  for PA6)  [30] .  

   13.2.6     AFM  Surface Imaging 

 AFM imaging in the contact mode and in the friction mode was done with a  ‘ Nanoscope 
III A ’  from Digital Instruments (Santa Barbara, USA) using a 100    μ m piezoelectric 
scanner. The cantilevers used were characterized by a spring constant of 0.16   N   m  − 1 . A 
standard pyramidal tip of silicon nitride was used. The measurements were carried out in 
air and at a constant force in the 10  − 9  to 10  − 8    N range.  

   13.2.7    Surface Modifi cation of Pebax ®  Membrane by Cold Plasma 

 The surface modifi cation of the polymer fi lm was carried out in a 13   L glass reactor 
equipped with a microwave generator working at 433   MHz. Nitrogen and hydrogen were 
fed at controlled fl ow rates on top of the reactor after a vacuum purge under 10  − 9    bar. The 
plasma gases were generated in the discharge cavity with the energy transferred from the 
generator via a surfatron waveguide. The polymer fi lm reacted with the plasma gases that 
fl owed on its surface under a pressure of 10  − 4  bar towards the reactor bottom. The exact 
conditions of the surface modifi cation will be given in the results section.   

   13.3    Results and Discussions 

   13.3.1    Sorption and Permeation of  CO  2  and  N  2  in Extruded Pebax ®  Films 

 The CO 2  extraction from fl ue gases would be economically feasible if the membranes can 
be produced at a low price. Pebax ®  polymers can give an opportunity to produce 
low cost membranes, since they are industrially produced and are easily processable by 
extrusion into thin fi lms of good quality according to the website of Arkema ( www.pebax.
com ). Such fi lms could be laminated onto a microporous support for a production of 
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membranes in extrusion - lamination processes similar to those used for packaging fi lms. 
Such an opportunity motivated us to study extruded Pebax ®  fi lms in sorption and 
permeation. 

 The permeation, diffusion and sorption coeffi cients obtained from the  ‘ time - lag ’  experi-
ments are summarized in Table  13.2  for seven extruded - Pebax ®  grades. The values of 
these coeffi cients vary in a large range according to the chemical composition of the 
Pebax ®  fi lms. The most signifi cant features of the data are (1) the high sorption selectivity 
in favour of CO 2  gas (CO 2  sorption is up to 50 times higher than that of nitrogen); 
(2) the high permeability of polyether - rich Pebax  ®  grades, and (3) the low diffusion 
selectivity, which can be in favour of CO 2  or of N 2 . These features are characteristic of 
a rubbery material. The sorption experiments carried out on the microbalance showed a 
Henry - type isotherm and confi rmed the high CO 2  sorption calculated from the  ‘ time - lag ’  
data for all grades (Figure  13.3 ). The 1657, 6100 and 1205 grades showed the best CO 2  
permeability (ca. 100   Barrer), and the 1657 grade the best ideal selectivity (  α     =   48).     

 As Pebax ®  is a very complex material, more detailed studies on the physical structure 
and characteristics are needed to understand better the transport properties of Pebax ®  of 
different grades. The transport properties through Pebax ®  fi lm would depend on the 
volume fraction of the PA and polyether blocks, the PA crystallinity, the density and 
availability for interactions of polar groups, the block nature, length and their organization 
in the fi lms. Indeed, the two - step gas permeation mechanism requires fi rst a sorption of 
gas molecules and then gas diffusion in the free volume of the entangled polymer chains. 
It should be noted that the close molecular sizes of the studied gases (kinetic diameter 
values of 0.33 and 0.36   nm for CO 2  and nitrogen, respectively) makes the diffusion selec-
tivity close to unity for all membranes. The best fi lms for the acid gas abatement would 
be those with high sorption coeffi cients for CO 2 . 

 As the CO 2  molecule (polarizability value of 26.5    ×    10  − 25    cm 3 , compared with 
17.6    ×    10  − 25    cm 3  for nitrogen) is highly polarizable, it can interact with the polar groups 
in the membrane. It seems normal that Pebax ®  1657 is the best membrane, due to its 
highest content in polar ether (EO) and amide groups. However, the situation was not 
quite clear for the other membranes, and a more detailed study on the fi ne membrane 
structure was required. 

 The studies of the fi lms by DSC provide us with information about the phases and their 
physical properties. The DSC thermograms for the different Pebax ®  grades are shown in 
Figure  13.4 . From the values of glass transition temperatures and melting points of the 
homopolymers, we were able to assign the measured values of the thermal characteristics 
to different phases. The glass transition temperature values reported in the literature are 
 − 55    ° C for homopolymer PEO with a molecular mass of approximately 300   g   mol  − 1 , 51 
and 36    ° C for high molecular weight PA6 and PA12  [31]  (no value for PTMO is available 
since it has variable  T  g  values depending on its sequence length). The melting points for 
homopolymer standards ( M  n     ≈    1000   g   mol  − 1 ) are 35, 15, 225 and 178    ° C for PEO, PTMO, 
PA6 and PA12, respectively  [31] .   

 The detected temperature values for the fi rst - order (endothermic peak) and the second -
 order transitions (heat capacity jump) (Table  13.3 ) were close to the values of the glass 
transition temperature and melting points of the pure homopolymers. The slightly smaller 
values of the PA and polyether melting points probably refl ect the low molecular weight 
of the blocks and the less ordered crystallite structure. They can be therefore attributed 
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  Table 13.2     CO  2  and  N  2  permeability (  P  ), diffusion (  D  ) and sorption (  S  ) coeffi cients obtained for several Pebax ®  grades by using the gas 
permeation method in time - lag mode (under an upstream pressure of 4   bars and at 25    ° C) 

  Pebax ®  series    11    13    31    33  
  Pebax ®  grade    1657    1878    1074    3000  *  *      1041    6100  *  *      1205  
  Pa/PE block nature    PA6/PEO    PA6/PTMO    PA12/PEO    PA12/PTMO  
  PA/PE wt.%    50/50    66,7/33,3    50/50    75/25    50/50  
  PA/PE block M w   *      1.5PAr/1.5PEr     –     1.5PAr/1.5PEr    4.5PAr/1.5PEr    1PAr/1PEr  
   P  CO2  (a)    97.9    ±    0.4    9.6    ±    0.1    25.5    ±    0.2    45.8    ±    0.3    23.3    ±    0.1    100    ±    1    93.0    ±    0.5  
   P  N2  (a)    2.04    ±    0.03    2    0.583    ±    0.007    2.86    ±    0.09    0.7    ±    0.1    2.44    ±    0.07    3.43    ±    0.06  
    α   CO2/N2     48.0    4.8    43.7    16.0    33.3    41    24.5  
   D  CO2  (b)    5.0    ±    0.1    0.38    ±    0.01    1.74    ±    0.04    4.4    ±    0.4    1.7    ±    0.1    6.1    ±    0.1    6.32    ±    0.04  
   D  N2  (b)    4    ±    3    0.24    0.4    ±    0.1    5    ±    1    0.11    ±    0.04    9    ±    6    13    ±    4  
    α   DCO2/DN2     1.3    1.6    4.4    0.9    15.5    0.7    0.5  
   S  CO2  (c)    197    ±    6    238    ±    7    147    ±    3    106    ±    11    139    ±    9    164    ±    3    147    ±    1  
   S  N2  (c)    8    ±    6    81    16    ±    4    6    ±    2    72    ±    23    3    ±    2    2.9    ±    0.8  
    α   SCO2/SN2     25    2.9    9.0    18    1.9    55    51  

   (a)   Barrer or 10  − 10    cm 3 (STP)   cm   cm  − 2    s  − 1    cmHg  − 1 .  
  (b)   10  − 7    cm 2    s  − 1 .  
  (c)   10  − 4    cm 3    (STP)   cm  − 3    cmHg  − 1 .  
   *    Pebax ®  are multiblock copolymers whose PA (polyamide) and PE (polyether) blocks alternate in the linear chain of the copolymers. The weight ratio of the PA to the PE phase 
of different grades was obtained by alternating blocks of pre - fi xed molecular weights. The relative molecular weight of the PA (PE) block of a grade is expressed here as a multiple 
of a reference molecular weight of the polyamide, PAr (or polyether PEr) block.  
   *  *    Pebax ®  3000 and 6100 are obtained by incorporating a polymer additive to the 1074 and 1041 grades, respectively (undisclosed data).    
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to the quasi - pure polyether or polyamide phases. It should be noted that glass transition 
of the polyamide phase was not clearly detected in the thermograms, probably because 
of the weak change in heat capacity associated to the polyamide phases. The clear detec-
tion of the separated melting of the polyether and polyamide crystalline phases, on the 
one hand, and the absence of intermediate glass transition temperatures in - between those 
of the two polymers, on the other hand, indicate that the Pebax ®  fi lms consist of two 
phases, polyamide and polyether phases, without any polyether - PA blend phase. Indeed, 
it is well known that, on the one hand, the crystalline phase of a polymer consists of only 
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     Figure 13.3     Sorption isotherms for (a) CO 2  and (b) N 2  on Pebax ®  1657 and 1074 at 
25    ° C  
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one type of segments, since a stereo - regularity of their repetitive unit is required for the 
segment folding into lamellar crystal structure, and on the other hand, the glass transition 
temperature of an amorphous phase of two miscible polymer segments would be inter-
mediate between that of the two polymers.   

 The polymer crystallinity is an important parameter in permeation: the crystallites are 
not permeable to any species, and their distribution in the polymer materials defi nes the 
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     Figure 13.4     DSC thermograms (second heating scans in temperature ramps from  − 90 to 
220    ° C) for (a) Pebax ®  1657, 1878, 1205 and (b) Pebax ®  1074, 3000, 1041, 6100 (curves 
from the bottom to the top in the graphs). The melting temperatures are approximately 
marked on the abscissa axis for comparison  
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diffusion paths of the permeating molecules in the amorphous/molten polymer phases. 
The crystallinity of the PA phase can be calculated by assuming its melting enthalpy is 
identical to that of PA homopolymers. It falls within the 0.22 – 0.40 range for the different 
Pebax ®  grades (except the 6100 grade whose crystallinity is very low due to the presence 
of an undisclosed molecular additive). Rather low crystallinity of the PA phase in Pebax ®  
in comparison with that of the homopolyamide (larger than 0.4) is also consistent with 
the low molecular weight of the blocks and the less ordered crystallite structure. The 
polyether phase, whose melting point is lower than room temperature, was in the molten 
state at room temperatures, i.e. in our permeation experiments. 

 AFM patterns revealed the complex nature of the Pebax ®  fi lm surface. The phases 
whose stiffness was probed by the cantilever tip in friction or defl ection mode appeared 
in better contrast than in contact mode. Figure  13.5  shows the soft (molten phase) poly-
ether phase dispersed in a stiff polyamide matrix (crystallites intermingled with a glassy 
amorphous phase) for Pebax ®  1657 membrane. The Pebax ®  1657 grade appears also in 
optical microscopy images as a bi - continuous material with two phases (Figure  13.6 ). 
The polyamide phase consists of thread - like bundles (bright relief phase with high aspect 
ratio and no curvature, Figure  13.5 ) of folded lamellar PA blocks. In - between were the 
fragments of the amorphous phase of random morphology. There were phases with a 
difference in stiffness in the amorphous phase (which appear in different colours inside 
the plane phase). These two phases of the amorphous part must be the amorphous polya-
mide, and the molten polyether phase.   

 As the size and distribution of the three phases change with the nature and the volume 
ratio of the phases, the gas permeability could be quite different for materials of close 
chemical nature and crystallinity. Unfortunately, there is apparently no correlation 
between the gas permeability and the PA phase crystallinity. The overall PA crystalline 
phase fraction in the Pebax ®  fi lms did not vary very much with the Pebax ®  grades (except 
for the 6100 and 1205 grades). The apparent absence of correlations between the gas 
permeability and the PA phase crystallinity could mean that the polyamide phases (inter-
mingled amorphous and crystalline phases) did not play a crucial role in the permeation. 

  Table 13.3    Values of the glass transition temperatures of  PE  blocks and the melting 
temperatures of  PE  and  PA  blocks for the different Pebax ®  grades, determined from  DSC  
measurements (in the fi rst heating scans). The  PA  crystallinity is obtained with the values 
found in the literature for the melting enthalpy of  PA 6 and  PA 12 

         T  m  polyamide 
block ( ° C)  

    T  m  polyether 
block ( ° C)  

    T  g  polyether 
block ( ° C)  

   wt.% PA 
crystallinity 
in Pebax ®   

   wt.% PA 
crystallinity 
in PA block  

  1657    208    14     − 55    20    40  
  1878    198     –      –     18    27  
  1074    173    6     − 60    19    38  
  3000    171    5     − 60    18    36  
  1041    172    5     − 60    22    29  
  6100    160    3     − 60    9    12  
  1205    147     –      − 40    11    22  
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However, in addition to the three phases indicated above, there are interphase zones which 
may contribute signifi cantly to the gas permeation. The interphases that connect the 
crystalline PA phase to the amorphous PA phase and to the molten polyether phase could 
behave as a quasi - crystalline phase, or as a liquid - like phase. In polyethylenes, the con-
straints due to the crystallites reduce the molecular diffusion, and make it more selective 
 [32] . In a recent study, we pointed out the signifi cant contribution of these constrained 
interphases to the permeation in nanocomposite materials with a semi - crystalline polya-
mide 12 matrix  [33] . Although the existence of such an interphase can be hardly proven, 
the result analysis based on the idea of coexistence of two amorphous fractions ( ‘ real ’  
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     Figure 13.5     Surface morphology of Pebax ®  1657 membrane obtained by AFM in contact 
(a) and in friction (b) modes. The contact mode images give the surface topology  
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     Figure 13.6     Optical microscopy image of Pebax ®  1657 membrane  
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and  ‘ semi - ordered ’ ) may give a broader understanding of the relationship between 
polymer history and properties  [34] . 

 The permeation of gases in such a complex structure is very diffi cult to model due to 
the lack of information on the phase structures and properties, as well as the complexity 
of such modelling. Qualitatively, the reduced mobility and the chain orientation in semi -
 ordered interphases due to the stiff and ordered crystallites would make the permeability 
smaller. For the Pebax ®  grades with shorter polyether blocks and longer polyamide 
blocks, the tortuosity of the diffusion path will increase sharply when the polyether and 
amorphous PA phases become fi nely divided by the crystalline phase. Nevertheless, we 
tried to use the PA phase crystallinity to simulate the CO 2  and nitrogen permeabilities in 
Pebax ®  fi lms with the simple  ‘ resistance model ’   [35]  to estimate the infl uence of the 
Pebax ®  structure on the permeability. 

 We assume that there were only two phases, impermeable PA crystalline phase and 
permeable molten polyether phase, which are both  ‘ continuous ’  (percolated phases). The 
model in this case consists of two continuous phases in parallel paths of permeation. The 
overall permeability for such a case in the resistance model is given by:

    P P PPebax PE PE PA PA= +Φ Φ  

where  P  Pebax  is the Pebax ®  permeability,   Φ  i   are the volume fractions and  P i   are the per-
meability of the polyether (PE) and polyamide (PA) phases. This is a simple way to 
estimate the contribution of each phase to the global permeability in a block copolymer 
 [36] . 

 To simplify, we supposed that the CO 2  permeability in PA phase was at a constant 
value of ca. 0.5   Barrer (compilation of various literature data  [37,38] ). The CO 2  permeabil-
ity in PE phase was estimated by extrapolating the CO 2  permeability obtained for different 
blends of PEG 300 – Pebax ®  1657 to 100% of PEG; we found for it a value of 275   Barrer, 
which is consistent with the literature  [39] . 

 The obtained simulation results are given in Table  13.4 . The values of the permeability 
calculated in taking into account the polyether and PA volume fractions indicate that the 
1657 and 1205 Pebax ®  grades had a permeability of the polyether phase 30% lower than 
that of pure PEO. Such reduction in permeability of the polyether phase can be attributed 
to its confi nement in the polyamide phase. The higher permeability of the polyether phase 
in the 6100 grade compared with that of pure PEO is probably due to its additive. The 
lowest permeability of the polyether phase in the 1878 grade is easily interpreted by its 
highest content in polyamide, and its short polyether block. Its polyether phase is likely 
confi ned as very small fragments in the stiff semi - crystalline PA matrix, leading to a high 

  Table 13.4     CO  2  permeability coeffi cient of different Pebax ®  grades and values of the  CO  2  
permeability coeffi cient for the polyether phase calculated with the resistance model 

        1657     1878     1074     3000     1041     6100     1205  

   P  CO2  (Pebax ® ) (a)    97.9    9.6    25.5    45.8    23.3    100    93  
   P  CO2  (polyether block) (a)    195    28    51    91    92    399    186  

   (a)   10  − 10    cm 3 (STP)   cm   cm  − 2    s  − 1    cmHg  − 1 .   
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tortuosity of the diffusion path and a lowered mobility in  ‘ semi - ordered ’  interphase zones. 
However, if the polyether block is longer, its fragments, and thus the permeability, would 
be larger: this was probably the case of the Pebax ®  1041 grade, that was three times more 
permeable to CO 2  than the 1878 grade, in spite of the lower PA content of the latter. The 
Pebax ®  1041 grade also had better diffusivity selectivity than the 1074 grade, owing to 
its higher PA content. It is diffi cult to discuss further the structure – property relationship. 
For more advanced simulations, a networked - resistance model or a molecular dynamic 
model could be used, but they required details on the morphological structure, as well as 
their permeation or molecular properties, which are not easy to determine.   

 The infl uence of temperature on the transport properties of CO 2  in Pebax ®  1657 and 
6100 extruded fi lms was studied in the 20 – 40    ° C range. Their negative sorption enthalpies 
( − 25 and  − 5   kJ   mol  − 1 , for 1657 and 6100, respectively) can be expected from fundamentals 
of sorption thermodynamics in polymers  [40] . Negative sorption enthalpy reduces the 
membrane selectivity for gas treatments at higher temperature. 

 In summary, the gas transport in Pebax ®  membranes depends not only on the fractions 
and the nature of the constituting chemical blocks (i.e. the polar group content) but also 
on the length of the blocks. All these parameters are likely to control the phase structure 
and properties, such as the compactness (i.e. the free volume) of the permeating phase 
and the detailed organization of the polymer segments in this phase that governs the gas 
mobility. The polyamide crystalline phase affects these structural properties, and thus the 
gas permeability, via its interfacial actions on the polymer segment in the vicinity of 
the phase interfaces and via its distribution in the membrane. The Pebax ®  1657 grade 
offered the best compromise in different structural factors for CO 2  extraction, with a CO 2  
permeability of 100   Barrer and an ideal selectivity for carbon dioxide relative to nitrogen 
  α   CO2/N2  of 50.  

   13.3.2    Pebax ®  1657 - based Blend Membrane: Structure and Properties 

 As an acid – base reaction between the acidic CO 2  and the electron - rich ether oxygen 
atoms of the PEG molecules can impart high CO 2  permeability and selectivity  [6,9] , we 
looked at the use of membranes made by blending the best Pebax ®  copolymer (1657 
grade) with polymers containing ethylene oxide units to improve further the membrane 
performance. To reduce the overall crystallinity of the membranes by an intimate mixing 
of the second polymer in the blends, PEG of low molecular weight and poly(ethylene 
oxide - co - epichlorhydrine) (PEGEPI) were chosen as the additive polymers for the blend 
membranes. 

 PEGEPI is a random copolymer which showed attractive performances in CO 2  removal 
 [41] . As all the blend membranes were prepared by solvent casting from NMP solutions, 
we measured fi rst the structure, morphology and gas permeation characteristics of the 
pure Pebax ®  1657 membrane prepared by solvent casting in the same conditions as those 
for the blend membranes; they were found to be very similar to those of the extruded 
fi lm. Melting points of PA and PE blocks and  T  g  of PE block were the same; crystallinity 
of the PA block in the solvent casting Pebax ®  1657 membrane was slightly lower than 
that of 1657 extruded fi lm. The permeation results were the same for both. 

 PEGEPI appeared to be miscible with the PEG phase of Pebax ®  1657: in DSC, the 
PEGEPI -  Pebax ®  1657 blends showed a unique glass transition temperature (around 
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 − 50    ° C) whose value changed with the membrane composition according to the Fox equa-
tion. All the membranes of these series exhibited lower permeability than the pure Pebax ®  
1657 membrane with an improvement in selectivity (Table  13.5 ). The permeability reduc-
tion can be explained by a lower contribution to the permeability of PEGEPI than that of 
pure PEG in the membrane polyether phase. In fact, the high performances of PEGEPI 
copolymers compared with those of Pebax ®  1657 were only found for cross - linked 
PEGEPI of very high PEG contents:  P CO 2    =   96   Barrer and   α   CO2/N2    =   63 for the copolymer 
with 90   wt.% PEG  [41] . However, PEGEPI of high PEG content (much higher than that 
of the commercially available PEGEPI we used) could be attractive in blend membranes 
with Pebax ®  1657, due to expected selectivity improvements. Pebax ®  1657 would 
then impart its good mechanical properties to PEGEPI, without additional cross - linking 
processes.   

 The PEG - Pebax ®  blend membranes were prepared with different amounts of PEG of 
300   g   mol  − 1  molecular mass. A preliminary study of blends with PEG of higher molecular 
mass showed that the miscibility of the two polymers in solid blends decreased with 
increasing PEG molecular mass. For instance, the blend with only 1   wt.% of PEG of 
3400   g   mol  − 1  molecular mass exhibited a melting peak of PEG3400 crystallites in DSC 
thermograms, while a single melting peak in DSC was found for blends with PEG300 in 
blends up to 50   wt.%. The better miscibility of low molecular mass PEG is understand-
able, if one considers its favourable mixing entropy, in addition to the favourable mixing 
enthalpy caused by hydrogen bonds between PEG hydroxyl end - groups with ether groups 
in Pebax ® . As non - miscible blends are known to be mechanically weak  [42] , we focused 
our further study on Pebax ®  1657 blends with PEG300. 

 The permeation data (Figure  13.7 ) indicate fi rst a reduction in CO 2  permeability from 
that of a pure Pebax ®  1657 membrane, then a steady increase in CO 2  permeability. The 
highest performances were obtained with a blend containing 20   wt.% PEG300: the CO 2  
permeability reached 128   Barrer and the CO 2 /N 2  ideal selectivity was 80.   

 Car  et al.   [9,10]  reported a two - fold increase in CO 2  permeability (up to 150   Barrer) 
without changes in CO 2 /N 2  selectivity when the membrane material changes from pure 

  Table 13.5     CO  2  and N 2  permeability (  P  ), diffusion (  D  ) and sorption (  S  ) coeffi cients 
obtained for three Pebax ®  1657 –  PEGEPI  blends by using the gas permeation method in 
time - lag mode under an upstream pressure of 4   bars and at 25    ° C 

        1657/10% PEGEPI     1657/20% PEGEPI     1657/50% PEGEPI  

   P  CO2  (a)    104    ±    1    90    ±    10    30    ±    1  
   P  N2  (a)    1.78    ±    0.02    1.8    ±    0.5    0.5  
    α   CO2/N2     58.5    50    60  
   D  CO2  (b)    4.8    ±    0.3    5.0    ±    0.6    4.4    ±    0.6  
   D  N2  (b)    14    0.16    ±    0.05    0.08  
    α   DCO2/DN2     0.3    31    55  
   S  CO2  (c)    220    ±    13    180    ±    32    69    ±    7  
   S  N2  (c)    1    129    ±    64    60  
    α   SCO2/SN2     220    1.4    1.2  

   (a)   Barrer or 10  − 10    cm 3 (STP)   cm   cm  − 2    s  − 1    cmHg  − 1 .  
  (b)   10  − 7    cm 2    s  − 1 .  
  (c)   10  − 4    cm 3    (STP)   cm  − 3    cmHg  − 1 .   
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Pebax ®  1657 to its 50:50 blend with PEG 200. The CO 2  permeability increase was 
attributed to a solubility increase with the increase in ethylene oxide (EO) units, but also 
to a diffusivity increase due to an increase in free volume (either total fractional free 
volume or individual free volume space): at high PEG content, there would be an increase 
of Pebax ®  segment motion, since low molecular weight PEG would act as a plasticizer 
in inserting its molecules between chain segments to screen out polymer/polymer inter-
actions, and generating additional intermolecular space for small Brownian motion  [43] . 

 Our sorption and diffusion data indicated an apparently more complex behaviour 
of the blends. We did not observe a clear increase in CO 2  solubility coeffi cient in the 
membrane with increasing PEG content but an increase in the CO 2  diffusivity. As no free 
volume measurements were performed in the present study, we can only suggest a similar 
mechanism of diffusivity enhancement by PEG additive in Pebax ®  1657 as that proposed 
by Yave  et al.   [43] . 

 The infl uence of the nature of the polymer component on the permeability of blend 
membranes is worth discussing. Based on DSC and AFM data, Car  et al.   [10]  reported a 
good miscibility of Pebax ®  1657 with PEG200 in blends up to 50   wt.% PEG. For 
PEG300, we observed a similar behaviour of the blends in DSC, i.e. for the polyether 
phase, unique glass transition temperature and melting temperature, whose values decrease 
when the PEG content increases (Table  13.6 ). However, in optical microscopy we 
observed that at a low PEG content, the crystalline PA phase was fi nely dispersed in the 
blend, even more than in pure Pebax ®  1657; at higher PEG300 contents, the dispersed 
crystalline phase became coarser. At 50   wt.% of PEG300, the phase was very coarse, and 
a slight exudation of PEG was observed on the membrane faces (Figure  13.8 ).     

 These features suggest a phase separation in the matrix, followed by a release of liquid 
PEG to the surface, although no PEG300 melting peak was observed in DSC trace of the 
50% PEG membrane, probably because the expelled PEG was easily removed in handling 
operations. We assume that the phase separation limits the improvement in CO 2  diffusiv-
ity by a saturation of the polymer matrix, leading to a stagnancy of the blend membrane 
performances. 
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     Figure 13.7     CO 2  permeability ( • ) and CO 2 /N 2  ideal selectivity coeffi cient ( � ) of the 
different PEG300 - Pebax ®  1657 blend membranes, 25    ° C, 4   bars  
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     Figure 13.8     Optical microscopy pictures of the different Pebax ®  1657/PEG300 blends  

  Table 13.6    Values of the glass transition temperatures of  PE  and the melting temperature 
of  PE  and  PA  blocks for the different Pebax ®  grades, determined from  DSC  measurements 
(in the fi rst heating scans). The  PA  crystallinity is obtained with the values found in the 
literature for the melting enthalpy of  PA 6 

         T  m  
polyamide 
block ( ° C)  

    T  m  
polyether 
block ( ° C)  

    T  g  
polyether 
block ( ° C)  

   wt.% PA 
crystallinity 
in Pebax ®   

   wt. % PA 
crystallinity 
in PA block  

  1657    207    14     − 55    15    30  
  1657/PEG300 5%    205    9     − 56    12    24  
  1657/PEG300 15%    204    7     − 65     –      –   
  1657/PEG300 20%    203    7     − 65     –      –   
  1657/PEG300 30%    200    1     –      –      –   
  1657/PEG300 50%    196    0     –      –      –   
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 The clearly lower miscibility of PEG300 compared with that PEG200 is attributed to 
the difference in their chemical structure: PEG200 has four EO units for two hydroxyl 
end groups, while PEG300 has six EO units. The gains in mixing entropy and hydrogen -
 bonding interactions should be much larger for PEG200 than for PEG300. 

 The larger increase in CO 2  permeability for PEG200 blend membranes compared with 
the PEG300 one can be explained by the larger positive contribution of PEG200 to the 
gas diffusion (larger free volume effect), and the higher PEG content obtainable in the 
blend membranes. 

 In summary, blending of Pebax ®  1657 with PEG300 resulted in membranes of higher 
CO 2  permeability and selectivity due to enhanced CO 2  diffusivity. However, a phase 
separation that occurred at high PEG300 contents led to a stagnancy of performance. The 
performance of Pebax ®  membranes are compared with those obtained for the Pebax ®  
blend membranes on a CO 2 /N 2  Robeson ’ s plot  [5,44]  (Figure  13.9 ).    

   13.3.3    Pebax ®  1657 Membrane Modifi ed by Cold Plasma 

 Although Pebax ®  – PEG blends can exhibit high performances in the CO 2  extraction from 
fl ue gases, a limitation in industrial operations can be foreseen: the long - term stability of 
the blend membranes, especially at high temperatures. In fact, a low molecular weight 
PEG is more a plasticizer than a true polymer in the blends; its chains are too short to be 
permanently blocked in a polymer network by simple entanglements. This was evidenced 
by the PEG migration towards the surface observed in the blends of high PEG300 con-
tents. In order to obtain a more permanent modifi cation of Pebax ® , we propose the use 
of cold plasma to modify the Pebax ®  1657 fi lm surface with chemical groups capable of 
strong CO 2  absorption. 

 When a cold plasma in N 2 , NH 3  or H 2 /N 2  gas is put in contact with a membrane, the 
chemical modifi cation by reactions of the plasma active species with the membrane 
surface results in alterations of transport properties associated with changes in the per-
meant sorption into that surface. Under the conditions where the modifi cation occurs on 
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the external surface, the underneath of the membrane would entirely control the diffusion 
of the penetrants towards the downstream side. Our aim in this work was to graft amine 
groups  [45]  onto the surface of a Pebax ®  1657 fi lm to enhance CO 2  sorption into the 
membrane while keeping unchanged the transport by diffusion through the Pebax ®  1657, 
which is already quite good for mixtures of CO 2  with permanent gases. Several modifi ca-
tion tests in N 2 /H 2  cold plasma were performed on Pebax ®  1657 fi lms to determine the 
operating conditions for the largest change in fi lm surface properties. The conditions for 
the best surface property modifi cation (Table  13.7 ) were obtained by assessment tests 
with measurements of the contact angle of the modifi ed surface with pure water. In fact, 
we considered that the contact angle with water is the lowest for a modifi cation where 
hydrophilic amine groups are grafted to the fi lm surface.   

 The friction mode AFM images (Figures  13.5  and  13.10 ) of the surface before and 
after plasma treatment under the conditions given in Table  13.7  show the difference in 
the surface properties. The uniform colour of the image of the surface - treated fi lm is in 
big contrast with that of the pristine fi lm, where crystalline zones, amorphous PA zones 

  Table 13.7    Best conditions used for the surface modifi cation by  H  2 / N  2  plasma 

   Parameter     Value  

  Gas fl ow    10   STP   cm 3    min  − 1   
  Power    45   W  
  Treatment time    3   min  
  Distance between the bottom of the excitation 

source and the sample  
  2   cm  

  Vol.% H 2     15  

(a)
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     Figure 13.10     Surface morphology of plasma treated Pebax ®  1657 membrane obtained by 
AFM in contact (a) and in friction (b) modes. The contact mode image gives the surface 
topology  
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and molten polyether zones can be clearly distinguished. We infer from the uniform fric-
tion characteristics of the plasma - modifi ed surface that the grafted amine groups were 
fairly uniformly distributed on the surface.   

 However, the grafted layer is apparently extremely thin, since no changes were detected 
in DSC thermograms. The CO 2  permeation test indicated that the plasma - modifi ed mem-
brane exhibited a greatly enhanced permeability (144   Barrer at 25    ° C). 

 We speculated that, in line with the mechanism proposed for facilitated transport of 
CO 2  with amine molecules, the CO 2  sorption was enhanced due to the following reversible 
complexation reaction  [46,47] , in addition to the normal gas sorption according to Henry ’ s 
law into a rubbery/molten polymer phase:

    RNH CO RNHCOO H2 2+ ⇔ +− +  

    RNH H RNH2 3+ ⇔+ +   

 In the case of our plasma - modifi ed membrane where amine groups were only grafted on 
the surface, CO 2  facilitated transport cannot occur through the membranes. Instead, the 
high interfacial concentration in CO 2  served as entrance concentration for the classical 
diffusion through the unmodifi ed Pebax ®  1657 polymer, leading to an overall improve-
ment of the CO 2  permeability coeffi cient.   

   13.4    Conclusions 

 Extruded fi lms of different Pebax ®  grades and dense membranes made by solution blend-
ing of Pebax ®  1657 grade and poly(ethylene glycol) (PEG) or poly(ethylene oxide - co -
 epichlorhydrine) (PEGEPI) were characterized by DSC, optical and atomic - force 
microscopies and gas permeation. The structure – property relationship of the fi lms was 
analyzed. The membrane permeability appears to depend not only on the content of polar 
groups of the Pebax ®  grade, but also on the Pebax ®  phase structure, which is governed 
by the length of the polyamide and polyether blocks. The Pebax ®  1657 grade offered the 
best compromise in CO 2  permeation properties, with a CO 2  permeability of 100   Barrer, 
and an ideal selectivity for CO 2  relative to nitrogen   α   CO2/N2  of 50. Our best membrane for 
global warming reduction was the one obtained by blending 20   wt.% of PEG 300 and 
Pebax ®  1657 grade; it exhibited a CO 2  permeability of 128   Barrer, and an ideal selectivity 
  α   CO2/N2  of 80; these performances rank the material among the best membranes for CO 2  
abatement from air sources like fl ue gases. Finally, a 40% enhancement in CO 2  permeabil-
ity of a dense Pebax ®  1657 membrane obtained by surface modifi cation by cold plasma -
 activated nitrogen and hydrogen suggests that the plasma - assisted surface modifi cation 
in order to graft CO 2  capturing amine groups is a promising technique to improve further 
the performances of a dense membrane.  
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    14.1    Introduction 

 In the last few years the potentialities of membrane operations have been widely recog-
nized. The attention to the process intensifi cation (PI) strategy, as the best available 
approach for an appropriate sustainable industrial growth  [2] , confi rmed that membrane 
engineering is a powerful tool to realize best this strategy. Today, membrane technology 
for gas separation (GS) is a well - consolidated technique, in various cases competitive 
with traditional operations. Separation of air components, H 2  from refi nery industrial gases, 
natural gas dehumidifi cation, separation and recovery of CO 2  from biogas and natural gas 
are some examples in which membrane technology is already applied at industrial level 
 [3,4] . The separation of air components or oxygen enrichment has advanced substantially 
during the past 10 years. The oxygen - enriched air produced by membranes has been used 
in several fi elds, including chemical and related industries, the mechanical fi eld, food 
packing, etc. In industrial furnaces and burners, for example, injection of oxygen - enriched 
air (30 – 35% of oxygen) leads to higher fl ame temperature and reduces the volume of 
parasite nitrogen to be heated; this means lower energy consumption. Mixtures containing 
more than 40% oxygen or 95% nitrogen can also be obtained. Today, membranes dominate 
the fraction of the nitrogen market for applications less than 50 tons/day and relatively 
low purity (95 – 99.5% nitrogen). On the contrary, oxygen separation with membranes is 
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still underdeveloped. The main reason is that most of the industrial oxygen applications 
require purity higher than 90%, which is easily achieved by adsorption or cryogenic 
technologies, whereas it is diffi cult to obtain with a single membrane stage. The possibility 
of utilizing membrane technology in solving problems such as the greenhouse effect 
related to CO 2  production is also ongoing. Membranes able to separate CO 2  from fl ue gas 
streams emitted by power plant, kilns, steel mills, etc. with a high CO 2 /N 2  selectivity, 
might be used at any large - scale industrial CO 2  source. The separation and recovery of 
organic solvents from gas streams is also rapidly growing at industrial level. Polymeric 
rubbery membranes that selectively permeate volatile organic compounds (VOC) and 
gasoline vapours in particular from air or nitrogen have been used. Such systems typically 
achieve greater than 99% removal of VOC from the feed gas and reduce the VOC content 
of the stream to 100   ppm or less. 

 Amorphous perfl uoropolymers might be utilized for casting asymmetric composite 
membranes  [5]  with interesting selectivity and permeability for various low molecular 
species. Their cost is, however, a negative aspect. The possibility of also realizing 
new mass transport mechanisms as the ones characterizing the perovskite membranes 
is becoming of interest. The case of O 2  and H 2  transport in ion transport membranes 
might be extended to other species by realizing new specifi c materials. Molecular 
dynamics studies, fast growing in this area, might contribute to the design of these 
new inorganic materials or to the appropriate functionalization of existing polymeric 
membranes. 

 The signifi cant positive results achieved in GS membrane systems are, however, still 
far from realizing the potentialities of this technology. Problems related to pre - treatment 
of the streams, to the membrane life time, to their selectivity and permeability still exist, 
slowing down the growth of large - scale industrial applications. Together with the inves-
tigation of new polymeric, inorganic and hybrid materials, the design and optimization 
of new membrane plant solutions, also integrated with the traditional operations, will 
lead to signifi cant innovation toward the large - scale diffusion of the membranes for GS. 
With the introduction of process intensifi cation strategy and of the methods related to it, 
large new areas will be open for GS membrane systems. Some of the drawbacks of the 
membrane operations such as the necessity of pre - treatment, might be solved by com-
bining various membrane operations in the same industrial process, by developing better 
membranes (higher chemical stability, permeability and selectivity) and modules. In this 
respect, the role of chemical engineering is crucial.  

   14.2    Materials and Membranes Employed in  GS  

 The criteria for selecting membranes for a given application are strongly related to several 
factors such as durability, mechanical integrity at the operating conditions, productivity 
and separation effi ciency, etc.  [6] . Different aspects must be deeply investigated for assur-
ing a good membrane separation process: 

   •      membrane transport properties (permeability, selectivity, permeance)  
   •      membrane material and structure  
   •      module and process design.    
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 The membranes used in GS can be distinguished in two main categories, polymeric 
and inorganic. Polymeric membranes, specifi cally used for GS, are generally asymmetric 
or composite and based on a solution - diffusion transport mechanism. These membranes, 
made as fl at sheet or hollow fi bres, have a thin, dense skin layer on a micro - porous support 
that provides mechanical strength  [7] . Typically, polymeric membranes show high, but 
fi nite, selectivities with respect to porous inorganic materials due to their low free - volume 
 [8] . They generally undergo a trade - off limitation between permeability and selectivity 
 [9] : as permeability increases, selectivity decreases, and vice - versa. Currently, however, 
only eight or nine polymer materials are used for preparing at least 90% of the membranes 
in use  [10] . 

 Polymeric membranes represent a good solution for the application in large - scale sepa-
rations due to the low cost, ease of processing and high packing density. However, they 
cannot withstand high temperatures and aggressive chemical environments; moreover, 
when applied in petrochemical plants, refi neries and natural gas treatment, heavy hydro-
carbons in feed gas streams can be a problem, particularly in hollow fi bre modules. Many 
polymers can be swollen or plasticized when exposed to hydrocarbons or CO 2  at high 
partial pressure; their separation capabilities can be dramatically reduced, or, the mem-
branes irreparably damaged. Therefore, pre - treatment selection and condensate handling 
are critical decision factors for a proper operation of GS modules  [11] . 

 In order to enhance the properties of the polymeric membranes, new mixed matrix 
membranes consisting in nano -  or micro -  particles of inorganic material (metal, zeolite, 
carbon nanotubes, etc.) incorporated in the polymeric matrix, have been recently studied 
 [12] . These membranes offer very interesting properties; however, their cost, diffi culty 
of commercial scale manufacture and brittleness remain important challenges  [10] . 
Facilitated transport membranes in which a carrier (typically, metal ions) with a special 
affi nity toward a target gas molecule is mixed in the polymeric matrix showed also inter-
esting results in GS  [13] . There are several types of facilitated transport membranes; their 
drawbacks are related to the low fl uxes. H ä gg  et al.   [14]  patented a facilitated transport 
membrane suitable for CO 2  capture. The membrane has a support coated with cross - linked 
polyvinylamine; a fi xed carrier in the membrane helps so that the CO 2  molecules in 
combination with moisture form   HCO3

−, which is then quickly and selectively transported 
through the membrane  [15] . Within a fi ve - year period, these membranes are expected to 
be tested in four large power plants in Europe  [16] . 

 Although almost all industrial GS processes use polymeric membranes, a signifi cant 
interest is focused on the development of inorganic membranes (metal, zeolite, ceramic, 
carbon, etc.), particularly for their use in high temperature separations and, also, in high 
temperature membrane reactors. Metal membranes are specifi cally used for the purifi cation 
of specifi c gaseous streams, e.g. Pd - based membranes for hydrogen purifi cation or silver 
membranes for pure oxygen production. Several metal membranes, including tantalum, 
niobium, vanadium, copper, gold, iron, cobalt and platinum, are used for hydrogen separa-
tion. These membranes are extraordinarily selective, since they are extremely permeable 
to hydrogen and essentially impermeable to all other gases. They are generally used for 
the production of a pure stream such in the case of the Pd - Ag membrane reactors widely 
studied  [17]  for the production of pure hydrogen reactions of high industrial interest (water 
gas shift, steam reforming of light hydrocarbons, dehydrogenation, etc.). However, they 
must be operated at high temperatures ( > 300    ° C) to obtain useful permeation rates and to 
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prevent embrittlement and cracking of the metal by sorbed gas. Additional drawbacks are 
the high cost, the low permeability in the case of highly selective dense membranes (e.g. 
metal oxides at temperatures below 400    ° C) and the diffi cult sealing at high temperatures 
(greater than 600    ° C). 

 Zeolite membranes show high thermal stability and chemical resistance compared with 
those of polymeric membranes. They are able to separate mixtures continuously on the 
basis of differences in the molecular size and shape  [18] , and/or on the basis of different 
adsorption properties  [19] , since their separation ability depends on the interplay of the 
mixture adsorption equilibrium and the mixture. Different types of zeolites have been 
studied (e.g. MFI, LTA, MOR, FAU) for the membrane separation. They are used still 
at laboratory level, also as catalytic membranes in membrane reactors (e.g. CO clean - up, 
water gas shift, methane reforming, etc.)  [20,21] . The fi rst commercial application is that 
of LTA zeolite membranes for solvent dehydration by pervaporation  [22] . Some other 
pervaporation plants have been installed since 2001, but no industrial applications use 
zeolite membranes in the GS fi eld  [23] . The reason for this limited application in industry 
might be due to economical feasibility (development of higher fl ux membranes should 
reduce both costs of membranes and modules) and poor reproducibility. 

 Among the inorganic membranes, carbon molecular sieve membranes show good 
transport properties which allow their application in GS. They are obtained by the 
pyrolysis (at a high temperature in an inert atmosphere) of polymeric precursors already 
processed in the form of membranes  [24] . These membranes combine good gas transport 
properties for light gases (gases of molecular sizes smaller than 4.0 – 4.5    Å ) with thermal 
and chemical stability. However, the major disadvantages that hinder their commercializa-
tion are their brittleness, which means that they require careful handling  [25 – 27]  and, 
when compared to polymeric membranes, the cost of carbon - based membranes which is 
1 to 3 orders higher per unit area. 

 Ion transport membranes are new dense inorganic membranes able to be permeated 
only by oxygen (or hydrogen). They show good performance in terms of permeability 
and selectivity at a very high temperature ( > 600    ° C); however, the main problem is related 
to their durability. Once the time of operation is passed, the formation of micro - pinholes 
depletes the membrane properties, signifi cantly reducing the selectivity  [28] . 

   14.2.1    Membrane Modules 

 GS membranes are formed in hollow - fi bre or spiral - wound modules and, in some applica-
tions, also in plate and frame modules. A hollow - fi bre module (Figure  14.1 a) contains a 
large number of membrane fi bres housed in a shell. Feed can be introduced on either the 
fi bre or shell side. Permeate is usually withdrawn in a co - current or counter - current 
manner, with the latter being generally more effective. Spiral - wound modules (Figure 
 14.1 b) are made from fl at membrane envelopes, wrapped around a central tube. The feed 
passes along the length of the module and the permeate passes into a membrane envelope 
and then out via the central tube. Both the feed and the permeate are transported through 
the module in fl uid - conductive spacer material. Modern modules tend to contain multiple 
membranes that are all attached to the same central tube. Usually in spiral - wound mem-
brane modules, the size of the feed channel is greater than the active membrane area. In 
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particular, the feed channel spacer is typically about 20% wider than the membrane 
envelope. This additional width may promote fl ow perpendicular to the bulk fl ow (along 
the spiral)  [29] . Currently, the spiral wound modules contain around 1 – 2   m of rolled 
sheets, for 20 – 40   m 2  of membrane area.   

 Each membrane module confi guration presents advantages and drawbacks. Hollow 
fi bres are the cheapest on a per square metre basis (with the highest membrane area to 
module volume ratio); however, to make very thin selective layers in hollow - fi bre form 
is harder than in fl at sheet confi guration. This implies that the permeance of hollow fi bres 
is generally lower than that of a fl at sheet membrane prepared with the same material. 
Therefore, larger membrane area is required for achieving the same separation by HF 
modules. Hollow fi bre modules also require more pre - treatments of the feed than is 
usually required by spiral wound modules for removing particles, oil residue and other 
fouling components. These factors strongly affect the cost of the hollow fi bre module 
design, therefore, currently, spiral wound modules are employed in several separations 
(e.g. in natural gas processing) particularly for those separations which cannot support 
the costs associated with the hollow fi bre modules. 

 The size of the membrane modules for GS is rapidly increasing in order to follow the 
economies of scale. As reported by Baker  [30] , from 1980 up to now the size of Cynara ’ s 
hollow - fi bres modules, employed for natural gas treatment, increased by a factor of 6, 
while the spiral - wound modules are increasing, with the diameter passing from 20   cm to 
30   cm (Figure  14.2 ). GS systems require membrane modules contained in high - pressure, 
code - stamped vessels. The costs of the vessels, frames and associated pipes, valves, etc. 
can be several times the cost of the membranes. Therefore, considerable reduction of costs 
can be achieved by packing larger membrane modules into fewer vessels  [29] . This 
fact allows weight and footprint to be reduced. This is extremely important on offshore 
platforms and other space - constrained facilities.   

 A membrane GS production process can be realized assembling the membrane modules 
in several confi gurations, depending on the particular type of separation. The single - 
stage, double - stage, multi - stage with recycle constitute the main design solutions. Some 
examples are given in the following paragraphs relative to the industrial applications for 
the GS.   
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     Figure 14.1     (a) Hollow fi bre module (image courtesy of  www.medarray.com , Copyright 
(2010) Medarray); (b) Spiral - wound module (image courtesy of  www.mtrinc.com , 
Copyright (2010) mtrinc)   
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     Figure 14.2     Photograph showing the development of hollow - fi bre membrane modules 
at Cynara, from the fi rst 5 - inch modules of the 1980s to the 30 - inch diameter currently 
being introduced  [51]  (Cynara Company now part of NATCO Group, Inc.). Reprinted 
with permission from Ind. Eng. Chem. Res., Natural gas processing with membranes: an 
overview, by R. W. Baker and K. Lokhandwala, 47, 7, 2109 – 2121, Copyright (2008) 
American Chemical Society  

   14.3    Membranes Applications in  GS  

 The key factors to qualify the performance of a specifi c membrane material for GS appli-
cations are the permeability and the selectivity. It is generally recognized that there is a 
trade - off limitation for polymeric materials between these two parameters: as selectivity 
increases, permeability decreases and vice versa. Robeson showed such empirical upper -
 bound relationships for different gas separations, in 1991  [8] . In 2008, Robeson  [30]  
published an upload of these trade - off diagrams. This diagram virtually summarized all 
the existing membrane materials, giving an indication of the best performance achievable 
(at present) by a polymeric membrane material for a specifi c gaseous mixture. 

 The upper bound correlation follows the relationship that is valid in double logarithmic 
scale:

    Permeability k Selectivityi j
n= ( ),  

where  k  is referred to as the  ‘ front factor ’  and  n  is the slope of the log – log plot of the 
noted relationship  [30] . Figure  14.3  shows a plot of selectivity versus permeability, the 
upper bound trade - off of the most important type of separations. With respect to the fi rst 
Robeson ’ s plots  [8] , a signifi cant shift of the upper bound was obtained for several sepa-
rations, due to the creation of novel high performance membrane materials; in many cases 
such materials are perfl uorinated polymers. Furthermore, some new trade - off limits, like 
those relative to the CO 2 /N 2  and N 2 /CH 4  separations, were added. A more detailed analysis 
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on the state of the art of the membrane GS fi eld in which many experimental results rela-
tive to different membrane materials are reported can be found in  [10,31] .   

   14.3.1    Current Applications of Membranes in  GS  

 As early as in 1950, Weller and Steiner  [32]  considered membrane processes as feasible 
for the separation of hydrogen from hydrogenation tail gas, enrichment of refi nery gas 
and air separation. However, commercial membranes capable of performing these separa-
tions economically only became available in 1970. In 1980, Permea, with its hydrogen 
separating Prism - membrane, launched the fi rst large industrial application of gas separa-
tion membranes  [9,33] . Since then, membrane - based operations, substituting or integrated 
with the traditional ones, had a rapid growth, with many companies, such as Cynara -
 Natco, Separex - UOP, GMS, Generon, Praxair, AirProducts, UBE are involved in this 
fi eld  [34,35] . 

 A list of the main industrial applications of membrane technology in GS is given in 
Table  14.1 , along with the membrane materials used and the status of the membrane 
technology.    

   14.3.2    Hydrogen Recovery 

 As previously mentioned, the fi rst widespread commercial application of membranes in 
GS was the separation of hydrogen in the ammonia purge stream, by using Permea 
Prism ™  systems. Hydrogen recovery is applicable to several processes, divided into three 
main categories: 

   •      hydrogen recovery from ammonia purge streams  
   •      syngas ratio adjustment  
   •      hydrogen recovery in refi neries.    

 In the ammonia process, the purge stream, almost clean and free of condensable vapours, 
consists of a mixture of hydrogen, nitrogen, methane and argon, delivered at a high 
pressure (136   bar). It is, thus, the ideal application for the membrane technology, since 
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  Table 14.1    Main industrial applications of membrane technology for  GS  

   Separation     Process     Traditional 
technology  

   Membrane 
material  

   Status of 
membrane 
technology 
application  

  H 2 /N 2     Ammonia 
purge gas  

  PSA    Polysulfone    Plant installed 
(Prism by 
Permea)  

  Pd - based    Lab scale  
  H 2 /CO    Adjustment of 

H 2 /CO 
ratio in 
syngas 
plant  

  PSA    Silicon rubber    Lab scale  
  Polyimide    Plant installed 

(Separex)  
  Pd - based    Lab scale  

  H 2 /
hydrocarbons  

  Hydrogen 
recovery in 
refi neries  

  PSA    Silicon rubber 
 Polyimide  

  Plant installed 
 (Sinopec 

Zhenhai 
(china) 

 Prism by 
Permea 

 Du Pont)  
  Pd - based    Lab scale  

  H 2 /light 
hydrocarbons  

  Ethylene 
cracker old 
trains  

  Cryogenic 
distillation  

  PTMSP; PMP    Pilot plant  
  Pd - based    Lab scale  

  O 2 /N 2     Air separation    Cryogenic 
distillation  

  Silicon rubber    Plant installed 
(Cynara; 
Separex; 
GMS; Air 
Products)  

  Polysulfone    Plant installed 
(Permea)  

  Polyimide    Plant installed 
(Medal; 
Dow -
 Generan; 
UBE)  

  Polyphenilene    Plant installed 
(Aquilo)  

  Ethyl 
Cellulose  

  Plant installed 
(Air Liquide)  

  Ion transport 
(perovskite)  

  Lab scale  

  Pd - based    Lab scale  
  N 2 /CH 4     Nitrogen 

removal  
  Cryogenic 

distillation  
  Silicon rubber 
 PMP 
 Parel  

  Pilot plant  

  PEBAX    Lab scale  
  H 2 O/CH 4     Dehydration    Glycol 

absorption  
  Cellulose 

acetate 
 Polyimide 
 polyaramide  

  Plant installed 
 [51]   
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   Separation     Process     Traditional 
technology  

   Membrane 
material  

   Status of 
membrane 
technology 
application  

  CO 2 /CH 4     Sweetening of 
natural gas  

  Amine 
absorption  

  Cellulose 
acetate  

  Offshore 
platforms 

 In Thailand gulf. 
(Cynara -
 NATCO); 
Grace -
 Separex  

  Polyaramide    Plant installed 
(Medal)  

  Polyimide    Plant installed 
(Medal)  

  Perfl uoro -
 polymers  

  Plant installed 
(MTR)  

  CO 2 /
Hydrocarbons  

  Natural gas 
liquid 
removal  

  Glycol 
absorption 
and cooling 
inn a 
propane 
refrigeration 
plant 
( − 20    ° C)  

  Cellulose 
acetate 

 Polyimide 
 polyaramide  

  Early 
commercial 
stage. A 
demonstration 
system 
installed  

  CO 2 /N 2     CO 2  capture 
from fl ue 
gas streams  

  Amine 
absorption  

  Polyimide    Pilot plant  
  FSC; 

PEEKWC; 
Zeolite, 
silica 
based; 
carbon  

  Lab scale  

  VOCs/gas    Polyolefi n 
plant resin 
degassing; 
Ethylene 
recovery  

  Adsorption, 
 Refrigeration 

and turbo -
 expander 
plants  

  Silicone 
rubber 

 PTMSP  

  Plant installed 
(MTR; OPW 
Vaporsaver ™ )  

Table 14.1 (continued)

hydrogen is highly permeable with respect to the other gases and the stream already 
provides the necessary driving force for promoting the permeation. Actually, Permea, Inc. 
(now owned by Air Products and Chemicals, Inc.) designed a two - step membrane process 
for this separation (Figure  14.4 ).   

 Similar membrane systems are also already applied for syngas ratio adjustment (H 2 /
CO ratio) of the streams coming out by reformers. The process specifi cations are strictly 
related to the use of the stream. Generally, membranes are employed for stripping hydro-
gen out of the syngas in order to reduce the H 2 /CO ratio. The stream is clean and already 
at a high pressure, thus ideal for use of a membrane. At the moment, several hundred 
hydrogen separation plants have been installed  [36] . 
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 The demand of hydrogen recovery in refi neries is rapidly increasing also because of 
environmental regulations. The hydrogen content in the various refi nery purges and off -
 gases ranges between 30 – 80%, mixed with light hydrocarbons (C 1  – C 5 ); 90 – 95% hydro-
gen purity is required to recycle it to a process unit. A typical refi nery operation is the 
separation of the hydrogen contained in the stream coming out from the hydrocracker. 
Actually, this process has the disadvantage of removing 4   mol of hydrogen for every mol 
of hydrocarbon removed. The membranes can be used alone or together with an absorber 
system, at a reduced capital cost and better process effi ciency  [32] . At the moment, the 
Prism ™  system (using polysulfone hollow fi bres with a thin silicone fi lm on it) is domi-
nant on the market for this kind of separation, showing interesting selectivities  [37] . 

 The main problem, related to an actual limited application of membrane technology, 
is membrane plasticization by strongly adsorbing components and the condensation of 
the light hydrocarbons on the membrane surface, which strongly affect the membrane 
performance and durability. The development of new membrane materials more resistant 
to high hydrocarbon partial pressure and the introduction of more effi cient pre - treatment 
stage able to reduce pollutant content, will rapidly expand this technology  [7] .  

   14.3.3    Air Separation 

 A membrane process that has grown rapidly in the last few decades is the separation of 
the air into nitrogen -  and oxygen - enriched streams. The main part of the membranes in 
use are oxygen selective, therefore the nitrogen - rich stream is recovered in the high pres-
sure side, whereas an O 2  - enriched stream is obtained as permeate at a low pressure. 

     Figure 14.4     Two - stage H 2  membrane separation plant  (from PRISM ™  brochure  [1] )  in 
ammonia installation operating since 1979, which recycles 90% pure H 2  to the reactor. 
Reprinted with permission from Industrial & Engineering Chemical Research, Membrane 
gas separation: a review/state of the art, by P. Bernardo et al., 48, 10, Copyright (2009) 
American Chemical Society  
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Signifi cant efforts have been made for increasing O 2 /N 2  selectivity of the polymeric 
membranes; these two molecules have a very close kinetic diameter (nitrogen, 3.64    Å ; 
oxygen, 3.46    Å ), thus the use of a membrane whose selective properties are related only 
on the molecular size selection was very diffi cult. As reported by Baker  [7] , the fi rst 
membranes used for this separation showed an O 2 /N 2  selectivity of ca. 4. Signifi cant 
improvement in membrane selectivity allowed values ranging from 8 to 12 to be reached, 
implying relevant reduction in compressor size and equipment costs. 

 Today, nitrogen separation by membrane systems is the largest GS process in use. 
Membrane selectivity does not need to be high in order to produce a relatively pure 
nitrogen stream, thus they became the dominant technology instead of pressure swing 
adsorption (PSA) or cryogenic distillation. 

 At the moment, thousands of compact on - site membrane systems generating nitrogen 
gas are installed in the offshore and petrochemical industry. Air Products Norway has 
delivered more than 670 PRISM ®  systems producing N 2  for different ship applications, 
and more than 160 PRISM ®  systems for offshore installations  [38] . In December 2006, 
Air Products started with another PRISM ®  production plant in Missouri (USA)  [39] . 
Another new air separation unit with a capacity of 550   ton/day of oxygen was installed 
by Air Liquide in Dalian (China)  [40] . In Japan, Ube Industries  [41]  is increasing the 
production of polyimide hollow fi bres for nitrogen separation to introduce a number of 
ethanol refi ning plants, mainly in the USA and Europe, driven by the rapid increase in 
the demand for bio - ethanol as an additive for oil products. 

 Concerning oxygen separation (Figure  14.4 ), great improvements in membrane per-
formances are required to produce oxygen - enriched air and, moreover, pure oxygen to be 
used for chemical industries, electronic fi elds, medical fi elds, etc. The fi rst application of 
membrane technology was carried out in 1980 using ethyl cellulose membranes, but the 
performance was not good enough to make the process competitive  [7] . A compressor on 
the feed stream or a vacuum pump on the permeate side is required in order to guarantee 
the necessary driving force for the permeation of the oxygen through the membrane. Both 
these solutions are expensive, thus, for making this operation cheaper high fl ux mem-
branes are required. Depending on the quality of the oxygen to be obtained, the separation 
process can be developed in one or two stages (Figure  14.5 ). Membranes are economically 
convenient when the fi nal O 2  concentration is in the range 25 – 50%  [42] ; in this case, a 
single stage (Figure  14.5 a) is the most economic confi guration  [43] . Pure oxygen can be 
produced in two stages (Figure  14.5 b), as proposed by Baker  [9] . However, many studies 

(a) One-stage Membrane Separation Process (B) Two-stage Membrane Separation Process
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     Figure 14.5     Membrane process fl ow schematics for the production of (a) oxygen -
 enriched air and (b) pure oxygen. Reprinted with permission from Industrial & Engineering 
Chemistry Research, Future directions of membrane gas separation technology, by R. W. 
Baker, 41, 1393 – 1404, Copyright (2002) American Chemical Society  
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are focused on new membrane materials exhibiting both high selectivity and high fl uxes 
in order to develop the production of pure oxygen in only one stage.   

 Promising results have been obtained with the facilitated transport membranes in which 
an oxygen - complexing carrier compound acts like a shuttle to transport the oxygen selec-
tively through the membrane  [44] . 

 Currently, dense inorganic membranes (ion transport membranes, ITM), able to be 
permeated only by oxygen (typically above 700    ° C) are being developed  [45,46] . A high -
 temperature air separation process could be integrated with power generation systems. 
Commercial - scale ion transport membrane oxygen modules have been fabricated by Air 
Products (0.5   ton/day of oxygen); this technology requires 35% less capital (much simpler 
fl ow sheet) and 35 – 60% less energy (less compression energy associated with oxygen 
separation) than cryogenic air separation  [47] .  

   14.3.4    Natural Gas Treatment 

 Raw natural gas composition changes depending on the source. In general, the CH 4  
content is in the range of 75 – 90%, the rest being signifi cant amounts of ethane, propane 
and butane, carbon dioxide and other impurities such as nitrogen and hydrogen sulfi de. 
In order to meet the composition specifi cations for natural gas domestic use imposed by 
each country, natural gas requires some treatment before being delivered in the pipeline. 
The main treatments are related to the carbon dioxide, natural gas liquids, water and 
nitrogen removal. 

 Removal of carbon dioxide (natural gas sweetening) increases the calorifi c value and 
transportability of the natural gas stream. Carbon dioxide content in the natural gas 
obtained from the gas or oil well can vary from 4 to 50%. It has to be reduced down to 
ca. 2 – 5%. This goal is typically achieved by means of absorption with an aqueous 
alkanolamine solution. Amine treatment is a widely commercialized technology in which 
the hydrocarbon loss is almost negligible. However, this process has a tendency to corrode 
equipment and, over a short period of time, the amine solution loses viability through 
amine degradation and loss. However, the capital and operating cost shoots up very 
rapidly as the concentration of carbon dioxide in feed gas increases  [48] . Membrane GS 
systems represent an alternative technology for separation of carbon dioxide from the 
natural gas, particularly for offshore applications  [49] . 

 Membrane systems can also be integrated with traditional units. The design of a hybrid 
membrane separation system depends on several aspects, such as membrane permeance 
and selectivity, CO 2  concentration of the inlet gas and the target required, the gas value 
(per ca. 30   Nm 3 , the price of gas in 2007 was $6 – $7 in the United States, whereas in 
Nigeria, which is far from being as well - developed a gas market, it may be as low as 
$0.50 if the gas can be used at all) and the location of the plant (on an offshore platform, 
the weight, footprint, and simplicity of operation are critical; onshore, total cost is more 
signifi cant)  [51] . 

 Figure  14.6  reports the block diagrams of two typical carbon dioxide membrane 
systems that treat natural gas with low CO 2  concentration, as proposed by Baker  [51] . 
Both systems are designed to treat a feed stream with 10% of carbon dioxide. One - stage 
systems are preferred for very small gas fl ows. In such plants, methane loss to the perme-
ate is often 10 – 15%. If there is no fuel use for this gas, it must be fl ared, which represents 
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a signifi cant revenue loss. As the fl ow rate of the natural gas stream increases, the methane 
loss increases, therefore, usually, the permeate gas is recompressed and passed through 
a second membrane stage which reduces the methane loss to a few percent.   

 During the years 1980 – 1985, the fi rst membrane plants using cellulose acetate mem-
branes were installed  [32] . Currently, several membrane systems are installed for small 
size applications (less than 6000   Nm 3 /h), since amine processes are too complicated for 
small productions. Membrane and amine systems become competitive with respect to the 
traditional operations (PSA and cryogenic distillation) for size of 6000 – 50   000   Nm 3 /h, 
while bigger plants are installed for offshore platforms or for enhanced oil recovery. 
Cellulose acetate is still the most widely used and tested material for natural gas sweeten-
ing as in UOP ’ s membrane systems  [50,51]  (Figure  14.7 ). Recently, in an offshore plat-
form located in the Gulf of Thailand (830   000   Nm 3 /h) Cynara - NATCO  [52]  provided the 
biggest membrane system with 16 - inch hollow fi bre modules based on cellulose triacetate 
membranes for natural gas sweetening  [53] . Polyimide membranes, originally developed 
for hydrogen separation, have been recently commercialized also for CO 2  separation.   

 Raw natural gas generally contain low concentrations of light hydrocarbon vapours. 
Their condensation must be prevented in order to avoid damages in the pipeline. So 
removal of these vapours is performed by glycol absorption and refrigeration at  − 20    ° C 
in a propane atmosphere. Membrane use can make the process cheaper, drastically reduc-
ing the energy consumption due to refrigeration; however, it is still at an early commercial 
stage with only one demonstration plant installed in Pascagoula (USA), in 2002  [54] . 
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     Figure 14.6     Flow scheme of one - stage and two - stage membrane separation systems 
to remove CO 2  from natural gas. Reprinted with permission from Ind. Eng. Chem. 
Res., Natural gas processing with membranes: an overview, by R. W. Baker and K. 
Lokhandwala, 47, 7, 2109 – 2121, Copyright (2008) American Chemical Society  
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 Water is a common impurity in natural gas that must be removed to prevent hydrate 
formation. This is a good opportunity for the application of membrane technology, but 
to be competitive, the membrane system must minimize the loss of methane with the 
permeate water  [5] . This loss can be reduced, on the one hand, by choosing membranes 
with desired selectivity, but, on the other hand, by the process parameters, because this 
separation is pressure ratio - limited  [5] . 

 Currently, PRISM ®  membranes provide an attractive alternative to traditional glycol 
dehydration systems (Figure  14.8 ) based on simple process designs, lower costs, and the 
other benefi ts listed below. These benefi ts become even more pronounced as the industry 
produces natural gas from very remote locations  [55] . An offshore membrane system for 
Shell Nigeria was designed to dry 600   000   Nm 3 /h of natural gas from an inlet dew - point 
of 41    ° C to an outlet dew - point of 0    ° C at 38   bar. It was designed and built by Petreco, an 
Air Products PRISM Membranes licensed partner. Other plants were installed in Italy and 
Holland.   

 Several natural gas reserves are considered sub - quality because of the high nitrogen 
content. The gas pipeline specifi cations for inert gases, in fact, fi xes the nitrogen content 
to a 4% limit  [56] . Currently, cryogenic distillation is used for this separation; however, 

b

a

     Figure 14.7     Photographs of UOP membrane plants using spiral - wound modules of 
cellulose acetate membranes for CO 2  separation. (a) Plant compact enough to be moved 
when the gas fi eld is exhausted after a few years of operation; capacity of 10   000   Nm 3 /h 
membrane designed to reduce CO 2  gas from 6% to 2%. (b) A 600   000   sdNm 3 /h unit 
designed to reduce CO 2  gas from 5.7% to 2%  

     Figure 14.8     Membrane process fl ow schematics of a natural gas dehydration plant  of 
PRISM  
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     Figure 14.9     Scheme of a hybrid membrane/cryogenic distillation plant for removal 
of nitrogen from natural gas. Reprinted with permission from Industrial & Engineering 
Chemistry Research, Future directions of membrane gas separation technology, by 
R. W. Baker, 41, 1393 – 1404, Copyright (2002) American Chemical Society   

membrane technology could be used here. The only challenge is the reduction of the 
methane loss in the permeate. However, methane - permeable membranes can be used 
conveniently in combination with a cryogenic plant (Figure  14.9 ). The feed gas, contain-
ing 15% nitrogen, is separated by a membrane into two streams: a residue stream (reten-
tate) containing 30% nitrogen to be sent to the cryogenic plant and a permeate stream 
containing 6% nitrogen to be sent to the product pipeline gas. The membrane unit reduces 
the volume of the gas to be treated by the cryogenic unit by more than half. Simultaneously, 
the concentrations of water, C 3+  hydrocarbons, and carbon dioxide are brought to very 
low levels, because these components also preferentially permeate the membrane. 
Removal of these components prior to cryogenic condensation is required to avoid freez-
ing in the plant. The savings produced by using a smaller, simpler cryogenic plant more 
than offset the cost of the membrane unit  [57] .    

   14.3.5     CO  2  Capture 

 The recovery of carbon dioxide from large emission sources is a formidable technological 
and scientifi c challenge which has received considerable attention for several years  [58 –
 60] . In particular, the identifi cation of a capture process which would fi t the needs of 
target separation performances, together with a minimal energy penalty, is a key issue. 
Currently, the main strategies for the carbon dioxide capture in a fossil fuel combustion 
process are the following  [61] . 

   •      Oxy - fuel combustion:     this option consists in performing the oxygen/nitrogen separa-
tion on the feed stream, so that a CO 2 /H 2 O mixture is produced through the combustion 
process. The advantage of feeding an oxygen - enriched gas mixture (95% oxygen) 
instead of air, is the achievement of a purge stream rich in CO 2  and water with very 
low N 2  content, therefore the CO 2  can be easily recovered after the condensation of the 
water vapour.  

   •      Pre - combustion capture:     this solution is developed in two phases: (i) the conversion of 
the fuel to a mixture of H 2  and CO (syngas mixture) through, e.g. partial oxidation, 
steam reforming or auto - thermal reforming of hydrocarbons, followed by water - gas 
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shift; (ii) the separation of CO 2  (at 30 – 35%) from the H 2  that is then fed as clean fuel 
to the turbines. In these cases, the CO 2  separation could happen at very high pressures 
(up to 80   bar of pressure difference) and high temperatures (300 – 700    ° C).  

   •      Post - combustion capture:     in this case, the CO 2  is separated from the fl ue gas emitted 
after the combustion of fossil fuels (from a standard gas turbine combined cycle, or a 
coal - fi red steam power plant). CO 2  separation is realized at relatively low temperature, 
from a gaseous stream at atmospheric pressure and with low CO 2  concentration (ca. 
5 – 15% if air is used during combustion). SO 2 , NO 2  and O 2  may also be present in small 
amounts. This possibility is by far the most challenging since a diluted, low pressure, 
hot and wet CO 2 /N 2  mixture has to be treated. Nevertheless, it also corresponds to the 
most widely applicable option in terms of industrial sectors (power, kiln and steel 
production for instance). Moreover, it shows the essential advantage of being compat-
ible to a retrofi t strategy (i.e. an already existing installation can be, in principle, subject 
to this type of adaptation)  [60] .    

 The conventional separation processes for CO 2  capture are: absorption (with amines), 
adsorption (with porous solids with high adsorbing capacity such as zeolites or active 
carbon) and cryogenic separation  [62,63] . Even though amine absorption is the most 
common technology for post - combustion capture, its use is by far the best available 
technology owing to the high energetic cost (in the range 4 – 6   GJ/ton CO 2  recovered) 
related, in particular, to the signifi cant energy consumption in the regeneration step. 
Furthermore, this option requires large - scale equipment for the CO 2  removal and chemi-
cals handling. Membranes are most often listed as potential candidates for their applica-
tion in post - combustion capture. However, the main problem related to their limited 
application is the low CO 2  concentration and pressure of the fl ue gas, which requires the 
use of membranes with high selectivities (ca. 100) for fi tting the specifi cation delivered 
by the International Energy Agency, i.e. a CO 2  recovery of 80% with a purity of at least 
80%  [64] . The commercial membranes (CO 2 /CH 4  selectivity ca. 50), currently used to 
separate CO 2  from natural gas at high pressures are not suited for one - stage operation, 
implying a large membrane area and high compression costs  [64] . 

 Favre  [48]  provides a critical comparison of the application of polymeric dense mem-
branes versus amine absorption in post - combustion capture. The energy requirement 
associated with membranes for post - combustion carbon capture for separating mixture 
containing 10% CO 2  is much larger than that of absorption. Even very selective mem-
branes, showing selectivity above 120, require much more energy than absorption. 
However, for fl ue streams containing 20% or more CO 2  (steel or kiln productions), rea-
sonable recoveries and permeate compositions can be attained with lower related cost 
than amine absorption. Scura  et al.   [65]  proposed two different membrane system con-
fi gurations specifi cally for applications in which the species to be recovered is at a low 
concentration (the CO 2  content in fl ue gas is around 10%) and low recoveries could be 
enough to meet process specifi cations. The fl ue gas stream compression (Figure  14.10 a) 
and the vacuum on the permeate stream (Figure  14.10 b), were compared for a permeate 
stream with the same CO 2  concentration and recovery. In particular, the vacuum option 
is a valuable alternative instead of the more expensive feed compression.   

 At a fi xed pressure ratio, confi guration (a) requires a lower installed membrane area 
but a higher investment and operating compression cost (the whole feed stream must be 
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pressurized). On the contrary, in confi guration (b), even if the total installed membrane 
area increases considerably, the compression cost strongly reduces (only the permeate 
stream must be sucked). The high size compressor in confi guration (a) is substituted by 
a high number of modules, easy control, low investment and operating cost membrane 
modules. For a 20% recovery from a fl ue gas stream with the 13% of CO 2  and a pressure 
ratio of 15, the vacuum system (b) reduces the compression cost to less than 5% with 
respect to pressured system (a); in the meantime, the required membrane area in (b) 
increases up to more than 10 times. 

 In 2008, Baker  [66]  proposed the possibility of using membranes with CO 2 /N 2  selectiv-
ity of ca. 50 (already commercial) as integrated multi - stage solutions. In this case, in fact, 
the appropriate choice of which kind of membrane can be used in each separation stage 
can make this application already feasible (Figure  14.11 ).   

 For the pre - combustion and oxyfuel capture processes, membranes based on alumina, 
zeolites, silica and carbon that show stability up to 300    ° C are generally proposed  [27] . 

(a)

Flue gas

COMPRESSOR

POLYMERIC MEMBRANE Retentate

Permeate
(CO2 rich stream)

Flue gas

POLYMERIC MEMBRANE

VACUUM PUMP

Retentate

Permeate
(CO2 rich stream)

(b)

     Figure 14.10     Confi guration of the two membrane systems proposed for CO 2  capture  

13% CO2

88% CO2

2% CO2

CO2 recovery = 90%

     Figure 14.11     New applications: CO 2  from coal power plant fl ue gas. Adapted from the 
oral presentation of Reference  66   
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Materials which conduct   CO3
2− ions (e.g. molten Li 2 CO 3  formed from the reaction of 

Li 2 ZrO 3  with CO 2 ) have also been studied for CO 2 /CH 4  separation up to 600    ° C  [67,68] . 
These membranes may be economically effi cient, stable and robust in applications where 
excess heat/energy is readily available to melt the carbonate. Also their use in high -
 temperature membrane reactors for integration in power generation cycles with CO 2  
capture has been proposed  [69] . However, signifi cant design optimization would be 
required in order to identify effi cient, feasible and environmentally sound technical solu-
tions. In addition, further development and validation of performance of these membranes 
in real applications are needed.  

   14.3.6    Vapour/Gas Separation 

 The removal of organic solvents from gas streams has been widely developed at the 
industrial level. The main industrial applications of vapour/gas membrane separation are 
 [70] : 

   •      polyolefi n plant resin degassing  
   •      gasoline vapour recovery systems at large terminals  
   •      polyvinyl chloride manufacturing vent gas  
   •      ethylene recovery  
   •      natural gas processing/fuel gas conditioning.    

 Baker  [70]  in 2006 reported the following data: 

   •      the market for vapour separation systems is at least $20 – 30 million per year  
   •      more than 100 large systems, with a cost of $1 – 5 million each, have been installed  
   •      at least 500 small systems, with a cost of $10,000 – $100,000 each, are operating to 

capture vapour emissions from retail gasoline stations, industrial refrigerator units and 
petrochemical process vents.    

 The recovery of hydrocarbon monomers from polyethylene and polypropylene plants is 
actually the largest application of vapour separation membranes (Figure  14.12 ). After 
the production of the polyolefi n resin, there are unreacted monomer and hydrocarbon 
solvents, dissolved in the resin powder that must be separated in order to re - use the 
polymer. The traditional application involves stripping with hot nitrogen, in a column 
known as a  ‘ degassing bin ’ . The value of nitrogen and monomer are both high, therefore 
the recovery and reuse of these components is of great interest. For this scope a membrane 
operation is profi tably used. It consists of two membrane units in series where the off - gas 
from the  ‘ bin ’  is compressed at 200   bar. The fi rst membrane unit produces a permeate 
stream enriched in propylene and a purifi ed residue stream containing  ∼ 97 – 98% nitrogen. 
The vapour - enriched permeate stream is recycled to the inlet of the compressor. The 
nitrogen - rich residue can often be recycled directly to the degassing bin without further 
treatment. The residue gas is passed to a second membrane unit to upgrade the nitrogen 
to better than 99% purity. During the last 10 years, almost 50 of these systems have been 
installed around the world.   

 In the polymerization of vinyl chloride, side reactions generate unwanted gas and some 
small amounts of air leak into the reactors. These impurities must be vented from the 
process. However, the vented gas stream, although small, may contain several hundred 
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thousand dollars of monomer values, owing to the high volatility of the vinyl chloride 
monomer (VCM). A typical fl ow scheme of a membrane process to recover VCM is 
shown in Figure  14.13 . Feed gas containing VCM and air is sent to the membrane system. 
The VCM - enriched permeate from the membrane system is compressed in a liquid - ring 
compressor and cooled to liquefy the VCM. The non - condensable gases are mixed with 
the feed gas and returned to the membrane section. VCM recovery is more than 99%. 
The fi rst unit of this type was installed by MTR in 1992. Since then, about 40 similar 
systems have been installed  [71] .   

 Gasoline vapour recovery has become an important fi eld for membrane application in 
the last few years. Several hundred retail gasoline stations, in fact, have installed small 
membrane systems for the recovery of the hydrocarbon vapours during the transfer of 

     Figure 14.12     Photograph of a membrane propylene recovery system installed at a 
polypropylene plant. This unit recovers approximately 450 kg/h of hydrocarbons. Image 
courtesy of  www.mtrinc.com , Copyright 2010 mtrinc  

Residue stream
(<1% VCM)

Feed gas
(50% VCM)

Condenser

44% CO2

Liquid-ring
compressor

Liquid
VCM

     Figure 14.13     Membrane recovery of VCM monomer in a polyvinyl chloride plant. Image 
courtesy of  www.mtrinc.com . Copyright 2010 mtrinc  
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hydrocarbons from tankers to holding tanks and then to trucks. GKSS licences have 
installed about 30 gasoline vapour recovery systems at fuel transfer terminals, mostly in 
Europe ( www.gkss.de ). MTR and OPW Fueling Components have developed a mem-
brane vapour recovery system for the fuel storage tanks of retail gasoline stations. 
The OPW Vaporsaver ™  system, fi tted with MTR ’ s membranes, reduces hydrocarbon 
emissions by 95 – 99% and pays for itself with the value of the recovered gasoline 
( www.mtrinc.com ). 

 Ethylene oxide is produced through the catalytic oxidation of ethylene with 99.6% pure 
oxygen; carbon dioxide and water are by - products. The mixture of products is sent to a 
water - based scrubber to recover the ethylene oxide. Carbon dioxide is then removed by 
absorption with hot potassium carbonate, fresh ethylene and oxygen are added to the 
unreacted gases and the mixture is recycled back to the reactor. Owing to the presence 
of argon in the incoming oxygen and ethane in the incoming ethylene, a portion of the 
gases in the reactor loop must be purged to keep the concentration of these inerts under 
control. The purge gas for a typical ethylene oxide plant contains approximately 20 – 30% 
ethylene, 10 – 12% argon, 1 – 10% carbon dioxide, 1 – 3% ethane, 50% methane and 4 – 5% 
oxygen. A similar vent gas mixture is created in the production of vinyl acetate. This 
purge gas can be treated in a membrane - based recovery unit: ethylene preferentially 
permeates the membrane, producing an ethylene - enriched permeate stream and an argon -
 enriched residue stream.   

   14.4    New Metrics for Gas Separation Applications 

 For measuring progress towards sustainability, many efforts are being made for defi ning 
indicators of industrial process and, in particular their impact on three specifi c areas 
 [72,73] : 

   •      environmental indicators, which refer to the resource exploitation and the emission, 
effl uents and waste related to the production  

   •      economic indicators, which take into account the investments profi ts, values and 
taxes  

   •      social indicators, that consider the employment situation, health and safety at work and 
the benefi ts/troubles for the community.    

 Most of these indicators are calculated in form of appropriate ratios. Ratio indicators, in 
fact, can provide a measure of impact independent of the scale of the operation, or to 
weigh cost against benefi ts and, in some cases, they can allow comparison between 
different operations  [74] . Membrane operations are well - known for their modularity, 
compactness and fl exibility, therefore they can be considered as new operations developed 
in the logic of PI. Recently, new metrics for comparing membrane performances with 
that of conventional units have been introduced  [72,75] . With respect to the existing 
indicators, these new metrics take into account the size, the weight, the fl exibility, the 
yield and the modularity of the plants. They are useful for having an immediate indication 
of the eventual gain that a membrane operation can offer with respect to a traditional 
one. In this sense, they are useful also for indicating which of a membrane or traditional 
operation is more suitable for a specifi c process. 
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   14.4.1    Case Study: Hydrogen Separation in Refi neries 

 The hydrogen upgrading in refi neries is currently carried out by means of pressure swing 
adsorption (PSA) and cryogenic separation processes. However, the application of mem-
brane systems for this type of separation is rapidly evolving to the commercial level, 
owing to the advantages related to the low capital costs, low energy requirements and 
modularity. 

 In the following, after a brief description of the conventional separation processes 
(PSA and cryogenic) a comparison among these processes and membrane systems for 
hydrogen separation is reported, also introducing some project considerations such as 
process fl exibility, reliability, ease of response to the variations, expansion capability and 
versatility  [76] . 

 Pressure swing adsorption is a batch operation that uses multiple vessels to produce a 
constant product and off - gas fl ows. The PSA process is based on the capacity of some 
adsorbents (zeolites, molecular sieves, etc.) to adsorb more impurities at high gas - phase 
partial pressure. Proper selection of the adsorbents is critical to both the performance of 
the unit and adsorbent life. In the hydrogen separation, the impurities are adsorbed at 
higher partial pressure and then desorbed at lower partial pressure. The impurity partial 
pressure is lowered by  ‘ swinging ’  the adsorber pressure from the feed pressure to the tail 
gas pressure, and by using a high - purity hydrogen purge. The hydrogen loss occurs 
through its use as a  ‘ sweep gas ’ , to carry away the contaminants, amounting to about 
8 – 20% of the total hydrogen throughput  [77] . Multiple adsorbers are used in order to 
provide constant feed, product and tail gas fl ows and each adsorber undergoes the same 
process steps in the same sequence. The separation is promoted by the impurity partial 
pressure difference between the feed and the tail gas. A minimum pressure ratio of 
approximately 4:1 between the feed and tail gas pressure is usually required for hydrogen 
separations. However, the absolute pressures of the feed and tail gas are also important, 
particularly to hydrogen recovery. The optimum feed pressure range for PSA units in 
refi nery applications is 15 – 30   bar. The optimum tail gas pressure is as low as possible. 
Since vacuum is normally avoided, tail gas pressure between 1.1 and 1.4   bar are typically 
used when high recovery is needed. The product hydrogen from a PSA unit is available 
at essentially feed pressure. 

 Cryogenic separation is a low temperature separation process which uses the difference 
in boiling temperatures (relative volatilities) of the feed components to effect the separa-
tion. This process condenses the required amount of feed impurities by cooling the 
feed stream in multipass heat exchangers. The refrigeration required for the process is 
obtained by Joule – Thomson refrigeration derived from throttling the condensed liquid 
hydrocarbons. Additional refrigeration, if required, can be obtained by external refrigera-
tion packages or by turboexpansion of the hydrogen product. One of the main advantage 
of the cryogenic process is the ability to produce separated hydrocarbon streams rich in 
C 4+ , ethane/propane, etc. In order to choose the best technology, some parameters, such 
as those reported below, have to be taken into account. 

   14.4.1.1    Operating Flexibility 

 Operating fl exibility is the ability to operate under variable feed quality conditions, either 
on a short - term or long - term basis. 
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 The changes in feed composition occur very often in refi nery applications, particularly 
when the source of the feed is a catalytic process or when the feedstock to the upstream 
unit changes. 

 In membrane processes, the increase in feed impurity concentrations tend to cause a 
decrease in product purity, which, however, can be maintained for small feed composition 
changes by adjusting the feed - to - permeate pressure ratio. In most refi nery membrane 
applications, however, the major product impurity is methane, and this can be allowed to 
increase slightly in the product without major downstream impact. The response time of 
membrane systems is essentially instantaneous, and corrective action has immediate 
results. The start - up time required by the process is extremely short. 

 The PSA process shows a great ability to maintain hydrogen purity and recovery under 
changing conditions. The process is self - compensating and even relatively large changes 
in feed impurity concentrations have little impact on performance. As the concentration 
of a feed impurity increases, its partial pressure increases, increasing also the amount of 
the impurity which will be adsorbed. The purity of the hydrogen can be maintained con-
stant by a simple cycle time adjustment. The response time to variations is rapid but not 
abrupt, generally requiring 5 – 15   minutes for responding to a step change in feed quality. 
The new steady - state upon restart following shutdown is reached in about 1   hour. 

 The cryogenic process has very low fl exibility, because changes in the concentration 
of the lower boiling components of the feed affect the product purity directly. Recovery 
is not strongly affected. Response time is not as rapid as for PSA or membrane systems. 
Start - up is 8 – 24 hours, depending on the procedure used.  

   14.4.1.2    Turndown 

 Turndown is the capability of the system to operate at reduced capacity. 
 Membrane systems are highly capable of maintaining product purity even though the 

capacity is reduced down to 10% of the initial design. This is done by either reducing 
feed pressure, increasing permeate pressure, or by isolating modules from the system. 
The fi rst two methods can be used for short - term operation, and the latter when operating 
at signifi cantly reduced capacity for extended periods. No previsions are required in the 
design phase. 

 PSA units can maintain both recovery and product purity at throughputs of ca. 30 –
 100% of design by adjustment of the cycle time. Between 0 and 30% of design product 
rates, purity can be maintained but recovery is reduced unless special provisions are made 
in the design. 

 The turndown capability of cryogenic systems strongly depends on the design. Partial 
condensation units can maintain product purity at slightly reduced recovery at fl ows down 
to 30 – 50% of design.  

   14.4.1.3    Reliability 

 Reliability takes into account the on - stream factors which can cause unscheduled shut-
downs. It is an important project consideration, particularly if the process is a primary 
source of make - up hydrogen to a hydroprocessor or other mainstream refi nery processes. 

 Membrane systems are extremely reliable with respect to the on - stream factor. The 
membrane separation process is continuous and has few control components which can 
cause a shutdown. Typically, the response to unscheduled shutdowns is rapid. 
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 PSA systems are moderately reliable. The numerous valves associated with the process 
can cause unexpected shutdowns. The new PSA are designed with alternate modes of 
operation, in which 100% of design capacity can be achieved while bypassing any failed 
valve or instrument, with only a slight loss of recovery. Failures are automatically detected 
and bypassed by the microprocessor - based control system. However, stronger and peri-
odic control cycles are required. 

 The cryogenic process is considered by refi ners to be less reliable than the PSA or 
membrane processes; this is mainly due not to the process itself but to the need for feed 
pre - treatments. Failure of the pre - treatment system usually results in contaminants freez-
ing in the cold box, leading to shutdown. In this case, a  ‘ thaw ’  is necessary prior to restart. 
The pre - treatment system itself is often more complex than the cryogenic system.  

   14.4.1.4    Ease of Expansion 

 In some cases, future expansion is contemplated even during the initial phase of a project. 
 Expansion of membrane systems is very easy, since this only requires the addition of 

identical modules. 
 PSA systems can also be expanded, but it requires additional design considerations and 

adds cost in the initial phase of the project. 
 The cryogenic units cannot be expanded if it is not foreseen during the design phase. 

Generally they can be over - dimensioned and a capacity increase is often obtained without 
modifi cation to the cold box itself through addition of a tail gas compressor.  

   14.4.1.5    By - product Value 

 By - product value is a measure of the capability of producing a high - value tail gas. In 
many refi nery hydrogen upgrading processes, the impurities to be rejected include hydro-
carbons which have value signifi cantly above fuel value. This is particularly true for 
olefi n - containing streams. The relative amounts of high - value hydrocarbons and the 
incremental cost of further separation determine whether by - product recovery is an impor-
tant parameter to be considered. 

 The cryogenic process is best suited to applications involving by - product hydrocarbon 
recovery. It is possible to separate hydrocarbon streams containing C 2 /C 3  and C 4+  com-
ponents, with recovery of these components generally quite high, with typical overall 
values of 90% for the C 2 /C 3  components and up to 100% of the C 4+ . 

 The membrane process is not capable of providing separate streams rich in specifi c 
hydrocarbon fractions; however, it is also used in these applications, since the hydrocar-
bon - rich stream is available at high pressure. 

 By - product hydrocarbon recovery is normally not economical when the PSA process 
is used, because the single hydrocarbon - rich tail gas is delivered at too low a pressure. 

 Combination of separation processes, such as membrane and cryogenic processes, may 
be applicable to these applications.  

   14.4.1.6    Comparison 

 Table  14.2  summarizes the comparison among the project parameters described above 
for the three operations considered in the case of H 2  separation.   

 The selection of the hydrogen purifi cation process may be driven by specifi c considera-
tions, strictly related to the output to be obtained. The feed composition (H 2 %), the feed 
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conditions (pressure and temperature), the product purity and the fi nal destination of the 
product strongly affect the choice. 

 The composition of the feed and its variability has a large impact on the selection of 
a hydrogen separation process because it infl uences the performance, reliability and pre -
 treatment required by the three upgrading processes. Membrane systems are suitable for 
a wide range of feed compositions, owing to the possibility of driving the process acting 
on different parameters such as feed and permeate pressure, temperature, fl ow confi gura-
tion, etc. Streams with 75 – 90   vol% hydrogen are most economically upgraded also by 
PSA with the selection being based on fl ow, pressure and pre - treatment requirements. 
Cryogenic upgrading is applicable to large streams with 30 – 75   vol% hydrogen. 

 Feed pressure and product fl ow rates are best considered together when selecting a 
hydrogen purifi cation process because the three processes have drastically different econ-
omies of scale. 

 The membrane systems are the lowest capital cost alternative for small (less than 
30   000   m 3 /h product) fl ow rates, since the cost of a membrane system is proportional to 
the number of modules required. If the feed gas is already at high pressure or if there is 
downstream hydrocarbon recovery from the non - permeate, where the high pressure of 
this stream can be used to advantage, the membrane systems can be used also for larger 
fl ow rates. For small fl ow rates at high pressure, such as a purge stream from the high 
pressure separator of a hydroprocessor, membrane systems are the most economical. 

 PSA systems can be economical for fl ow rates from 10 3  to 10 5    m 3 /h already compressed 
at 15 – 30 bar. Differently from membrane systems, PSA units cannot take advantage of 
high available feed pressures (50 – 70   bar) and the capital and operating costs associated 
with feed, product and/or tail gas compression are almost always a signifi cant portion of 
the total separation costs and globally higher than that required by membrane systems. 
Cryogenic systems have high capital costs at low product rates, but have good economies 
of scale. This process is most applicable for feed pressures higher than 20   bar and for 
larger systems. However, there are few large, high pressure raw hydrogen streams avail-
able in most refi neries, therefore the cryogenic system is currently limited. In general, 
when hydrogen upgrading alone is considered, small systems with high available feed 
pressure favour membrane systems, small systems with low feed pressure favour PSA 
and membrane systems, and large systems at high pressure favour cryogenic systems. 

  Table 14.2    Comparison among some important project parameters   [76]   

        Membrane system     PSA     Cryogenic  

  Operating fl exibility    Moderate    High    Low  
  Response to variations    Instantaneous    Rapid (5 – 15 minutes)    Slow  
  Start up after the 

variations  
  Extremely short (10 

minutes)  
  1 h    8 – 24 h  

  Turndown    Down to 10%    Down to 30%    Down to 
30 – 50%  

  Reliability    100%    95%    Limited  
  Control requirement    Low    High    High  
  Ease of expansion    Very high (modularity)    Moderate    Very low  
  By - product value    Moderate    Not economical    High  
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 Hydrogen product purity and the levels of specifi c product impurities are, of course, 
critical to process selection. Cryogenic and membrane processes normally produce hydro-
gen at 90 – 98   vol%, whereas the PSA process normally produces hydrogen at 99+   vol%. 
However, depending on the fi nal destination of the upgraded hydrogen, it can be more 
conveniently applied to other operations (Table  14.3 ). If the upgraded hydrogen is used 
as a primary source of make - up hydrogen to a high pressure hydrotreater or hydrocracker, 
a high purity hydrogen is required and the PSA is often the best choice. If the upgraded 
hydrogen is only an incremental portion of the make - up hydrogen to a hydroprocessor, 
lower product purity is usually required and membrane systems are preferable, owing to 
the lower capital costs. If the feedstock to be upgraded contains only hydrogen and 
hydrocarbons, then the principal impurity in the hydrogen product will be methane. When 
3 – 10   vol% methane can be tolerated in the hydrogen product, the membrane and cryo-
genic systems are the most economical. If the feed to the upgrading process contains 
substantial quantities of CO and CO 2 , then PSA and the membrane units are most often 
selected, whereas cryogenic is not suitable.   

 Apart from the economic considerations, the choice among the three separation proc-
esses is generally made taking into account the specifi c process from which the hydrogen 
is produced and the specifi c requirements that the upgraded H 2  must have, also consider-
ing the fi nal destination of the stream. Table  14.4  reports some selection guidelines of the 
most important processes of hydrogen production in refi neries  [77] .   

 The largest source of easily recovered hydrogen in a refi nery is the off - gas from cata-
lytic reforming. This off - gas typically contains from 70 – 90+   vol% hydrogen with the 
balance being C 1  to C 6+  hydrocarbons. If large quantities of reformer off - gas are to be 
upgraded for use as a primary source of make - up hydrogen for a hydrocracker or hydrot-
reater, the PSA process is normally used. The high hydrogen content makes the adsorbent 
requirements low, and the hydrocarbons in the tail gas sent to fuel are relatively small 
with respect to the feed gas. The aromatic and HCl content of the feed do not require 
special pre - treatment. In some cases, there is a requirement for relatively small quantities 
of hydrogen at 98+   vol% purity for uses such as catalyst regeneration. Membrane systems 
using feed compression may be most economical for these applications requiring less than 
about 1000   m 3 /h of hydrogen product, owing to low capital costs. For large fl ows, cryo-
genic upgrading has sometimes been used. However, the feed hydrogen purity is often 
too high, and external refrigeration is required. Aromatic removal in the pre - treatment 
section is also an important design consideration. Unless recovered hydrocarbons are of 
high value, the cryogenic process is not normally used to process reformer off - gas alone. 

 The high pressure and low pressure purge gases from high pressure hydrocrackers and 
hydrotreaters are good candidates for hydrogen upgrading. The recovered hydrogen is 

  Table 14.3    Comparison among the three units as function of feed and product conditions 

        Membrane system     PSA     Cryogenic  

  Feed composition, (H 2  %)    30 – 90%    75 – 90%    30 – 75%  
  Feed pressure and 

product fl ow  
   > 10 bar 
  < 30   000 m 3 /h  

  15 – 30 bar 
 1000 – 10 5  m 3 /h  

   > 20 bar 
  > 10 5  m 3 /h  

  Product purity    90 – 98%     > 99%    90 – 98%  



306 Membrane Gas Separation

  Table 14.4    Selection guidelines for specifi c application processes 

   Process 
application  

   Feed 
conditions  

   Membrane system     PSA     Cryogenic  

  Catalytic 
reformer 
off - gas  

  70 – 90% vol  H 2  
 30 – 10% C 1  to 

C 6 + 
 ppv of 

aromatics 
and HCl 

 Pressure: 
15 – 30 bar 

 Room 
temperature  

  H 2  purity: 98%. 
 Final destination: 

uses such as 
catalyst 
regeneration  

  H 2  purity: 99+% 
 H 2  recovery: 

82 – 90% 
 Final destination: 

primary source 
of make up 
hydrogen for 
hydrocracker  

  Not used due 
to the 
necessity of 
pretreatment 
for aromatic 
removals  

  Hydroprocessor 
purge gases  

  High pressure 
purge gas: 

 75 – 90% vol  H 2  
 Hydrocarbon 

balance 
 Pressure: 

50 – 200 bar 
 Room 

temperature  

  H 2  purity: 92 – 98% 
 H 2  pressure: 20 – 40 

bar 
 H 2  recovery: 85 – 95% 
 Final destination: 

make - up hydrogen 
compressor  

  Not used because 
of the high feed 
pressure  

  Not used due 
to the low 
fl ow rates  

  Low pressure 
purge gas: 

 50 – 75% vol  H 2  
 Hydrocarbon 

balance 
 Pressure: 

5 – 20 bar 
 Room 

temperature  

  Not used because of 
the low feed 
pressure  

  H 2  purity: 99% 
 H 2  pressure: 1 bar 
 H 2  recovery: 

80 – 90% 
 Final destination: 

primary source 
of make up 
hydrogen for 
hydrocracker  

  FCC off - gas 
and other 
refi nery 
purge 
streams  

  15 – 50% vol 
H 2  

 Hydrocarbon 
or olefi ns 
balance 

 Pressure: 
5 – 20 bar 

 Room 
temperature  

  Feed 
compression:    >    25 
bar 

 H 2  purity: 80 – 90% 
 H 2  pressure: 5 – 20 

bar 
 H 2  recovery: 50 – 85% 
 Final destination: low 

pressure 
hydrotreaters 

 The tail gas is sent to 
downstream 
hydrogen recovery 
units  

  Not used because 
of the low H 2  
concentration 
in the feed  

  H 2  purity: 
 > 95% 

 H 2  pressure: 
15 – 30 bar 

 Recovery of a 
mixed 
stream 
containing 
 > 99+% 
of C 2 + 
components  

  Ethylene off - gas    80 – 90%vol 
H 2  

 CO, CO 2 , 
CH 4  
balance 

 Pressure: 
15 – 30 bar  

  H 2  purity: 95 – 97% 
 H 2  recovery: 80 – 90% 
 Final destination: 

make - up hydrogen 
compressor  

  H 2  purity: 99.5% 
 H 2  recovery: 

80 – 90% 
 Final destination: 

primary source 
of make up 
hydrogen for 
hydrocracker  

  H 2  purity: 95% 
 H 2  pressure: 

15 – 30 bar 
 Final 

destination: 
make - up 
hydrogen 
compressor  
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returned to the hydroprocessor with the make - up hydrogen. Many hydroprocessors have 
both high and low pressure purge streams. The high pressure purge streams are available 
at 50 – 200   bar and contain 75 – 90   vol% hydrogen, with the balance being hydrocarbons. 
Low pressure purge streams are available at much lower pressure, typically 5 – 20   bar and 
have hydrogen contents ranging from 50 to 75   vol%. 

 The membrane process is the most economical process for high pressure purge gas 
upgrading. The product delivery pressure is chosen to allow the product to enter one of 
the stages of the make - up hydrogen compressors. Low pressure purge gases are usually 
upgraded by the PSA process. The PSA process is better suited than the cryogenic process 
because the fl ow rates are relatively small and the stream composition can be highly vari-
able. The combination of lower pressure and lower hydrogen content makes the PSA 
system less economical than the membrane system. The membrane system usually gives 
the highest rate of return on investment, the tail gas being at high pressure. 

 Hydrogen can be recovered from FCC off - gas and other low pressure refi nery purge 
streams of low hydrogen content. Depending on fl ow rate, feed composition and variabil-
ity, feed pressure and required hydrogen product purity, either the cryogenic or membrane 
process can be used. In almost all cases, the stream is not upgraded for its hydrogen 
content alone, but also the tail gas is of value. If there are valuable hydrocarbons, particu-
larly olefi ns, which can be recovered in addition to hydrogen, or if hydrogen product 
purity in excess of 90   vol% is required, the cryogenic process is normally used. However, 
feed quality variations and contaminant levels are important considerations in determining 
whether the cryogenic process is appropriate. The membrane process can recover hydro-
gen effi ciently from these streams at a hydrogen purity of 80 – 90   vol%. The low purity 
hydrogen product can be used effectively in some applications, such as low pressure 
hydrotreaters, and the tail gas can be sometimes sent to downstream hydrocarbon recovery 
units, being already compressed. 

 The ethylene production process produces large amounts of hydrogen which can be 
easily upgraded for refi nery use if the ethylene plant is in close proximity to the refi nery. 
The ethylene process uses a series of cryogenic units to separate the products from the 
ethylene furnace, and a high purity hydrogen stream is produced. Typically, only a small 
fraction of the available hydrogen is used in the ethylene plant (for acetylene hydrogena-
tion) and the balance is sent to fuel unless it can be exported. The hydrogen - rich ethylene 
off - gas normally contains 80 – 90 vol% hydrogen, with CO, CH 4 , ethylene and nitrogen 
as impurities. In few cases, the cryogenic system is employed, producing a hydrogen 
purity as high as 95   vol% with the same impurities through use of external refrigeration. 
Regardless of the hydrogen purity, the ethylene off - gas must be processed to remove CO 
to ppmv levels for general refi nery use. For off - gas with 80 – 90   vol% hydrogen, the mem-
brane systems are the most suitable for upgrading. The pressure and the high H 2  concen-
tration, in fact, allow a high purity product to be produced, even though lower (95 – 97   vol%) 
than for the PSA system. Furthermore, the retentate gas stream is already compressed, on 
the contrary to the PSA systems that require tail gas compression, from 1.1 – 1.3   bar to 
fuel system pressure. The choice between the membrane and PSA processes will primarily 
depend upon the cost of compressing the membrane hydrogen product compared to the 
cost of compressing the PSA tail gas, assuming high hydrogen recovery is desired in both 
cases. The product purity from the membrane system will be lower (95 – 97   vol%) than 
for the PSA system. 
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 For the process selection, general selection guidelines can be helpful, at least in elimi-
nating an inappropriate process. In order to use such guidelines, feed characteristics, 
contaminant levels, required product purity, allowable product impurities, pressure levels 
and fl ow rates must be known. These parameters can be used in conjunction with expe-
rience - based, application - specifi c guidelines to select the optimum process. The mem-
brane systems, owing to their high fl exibility, reliability, modularity and ease of control, 
compete well with the other two consolidated technologies, in particular for some specifi c 
applications typical of refi nery hydrogen upgrading. 

 In order to compare the three different systems, energy and mass intensity  [78,79]  were 
calculated as reported below, taking into account the power required by the system 
(Equation  14.1 ) and the steam and cooling water necessary (Equation  14.2 ). Moreover, 
a new indicator was defi ned as productivity to footprint ratio (Equation  14.3 ).

    energy intensity
power required

H product flow rate
=

2

    (14.1)  

    mass intensity
steam and cooling water required

H product f
=

2 llow rate
    (14.2)  

    productivity footprint
H product flow rate

footprint
= 2     (14.3)   

 Table  14.5  summarizes the data for H 2  recovery from refi nery off - gas by means of three 
different separation technologies, as reported by Spillman  [80] , considering polyimide 
membranes. A comparison among them is provided by the calculation of the relative three 
indicators. A lower investment cost than pressure swing adsorption (PSA) or cryogenic 
separation was estimated for the H 2  recovery from refi nery off - gas by polymeric mem-
branes. This comparison is from 1989; however, since then polymeric membrane capital 
prices have dropped.   

  Table 14.5     H  2  recovery from refi nery off - gas (data adapted from Reference   80  ) 

        Membrane 
system (80    ° C)  

   Membrane 
system (120    ° C)  

   PSA     Cryogenic  

  H 2  recovery, %    87    91    73    90  
  H 2  purity, %    97    96    98    96  
  Product fl ow rate, m 3 /h    3257    3375    2643    3375  
  Power, kW    220    220    370    390  
  Steam, kg/h     230      400       –       60   
  Cooling water, t/h     38      38      64      99   
  Investment, $ millions     1.12      0.91      2.03      2.66   
  Installation area, m 2      8      5      60      120   
   Metrics   
  Energy intensity, kJ/kg H 2     2808    2738    5760    4853  
  Mass intensity, kg/kg H 2     136    133    277    342  
  Productivity/footprint, kg 

H 2  /(h m 2 )  
  35    58    3.9    2.4  
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 As can be seen, the energy intensity of the membranes system, for both the temperature 
values considered, is lower than that of the other two processes. This means that the 
energy required for producing a fi xed amount of hydrogen is, in any case, signifi cantly 
lower than that required by the other operations. Also the addition of the steam and 
cooling water is at least half of that necessary for the traditional systems. The productivity 
to footprint ratio calculated for the membrane technology is very interesting in the process 
intensifi cation logic. Considering the same area occupied by the unit, the membrane 
systems show more than tenfold higher productivity.    
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    15.1    Introduction 

 The fi rst commercial membrane system for carbon dioxide removal from natural gas was 
reported operational in 1983, utilizing cellulose acetate membranes  [1,2] . Installations are 
now worldwide and systems continue to expand in size and scope. In keeping membrane 
treatment competitive with other separation technologies there have been incremental 
improvements in membranes, module designs and system performance. With the recent 
swings in energy prices the demand for natural gas treatment continues to grow. Although 
the membrane itself has attracted the most research efforts, there are many steps between 
the identifi cation of a working membrane to the development of a commercially viable 
process. New generations of cellulose acetate membranes packaged as spiral wound 
modules are improving the economics and utility in natural gas treatment. 

 Membranes for natural gas treatment have been employed since the 1980s, with the 
earlier critical discoveries that cellulose acetate membranes for reverse osmosis (RO) 
could be transformed into gas separation membranes  [3,4] . Since membranes for treat-
ment of water have a high affi nity for water transport, a molecule with unique polar 
properties, there is also an affi nity for other polar molecules such as carbon dioxide and 
hydrogen sulfi de. Water, CO 2  and H 2 S are impurities in natural gas (methane) termed 
 ‘ acid gases ’  that can promote corrosion of steel. Since pipelines are used in the transport 
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of natural gas from the well - head to the consumer, the control of acid gases is critical. 
Typical specifi cations for pipeline quality natural gas call for amounts of less than 2% 
CO 2 , 120   ppm water and 4   ppm H 2 S  [5] . 

 Early formulations of reverse osmosis membranes called for mixtures of cellulose 
diacetate and/or cellulose triacetate that were prepared as fl at sheet membranes  [6,7] . 
Typically RO membranes are treated with a conditioning agent such as glycerol to allow 
membranes to be handled as dry sheets. These sheets are assembled into spiral - wound 
modules for commercial installation. Glycerol allows for easy rewetting with water and 
physically holds open the pores of the asymmetric microporous membrane structure. But 
glycerol also physically inhibits the passage of gases and therefore is not appropriate for 
use in gas separation membranes. 

 In order to convert RO membranes to gas separations, various techniques such as 
freeze drying and solvent exchange of water wet cellulose acetate (CA) membranes have 
been utilized  [3,4,8] . When water is directly evaporated capillary forces collapse the 
microporous membrane structure leading to a denser active surface layer and loss of 
fl ux. Freeze drying is a technique that protects the microporous structure with cold 
temperature. Solvent exchange uses a polar solvent such as alcohol to fi rst wash out and 
replace water, followed by a low surface tension solvent such as hydrocarbons to 
wash out the fi rst solvent. This second solvent with low surface tension can then be 
evaporated while maintaining the pore structure. Another drying technique that has been 
reported is addition of a low surface tension hydrophobic organic compound such as 
n - octane that protects the pore walls from the interfacial tension of water and allows direct 
drying of the membrane structure  [9] . n - Octane is preferably incorporated as part of the 
original dope formulation from which the membrane is formed by the phase inversion 
process. 

 Many of the design philosophies required for successful operation of a reverse osmosis 
system are transferable to natural gas treatment. Reverse osmosis systems can operate at 
high pressures, even above 172   bar (2500   psi), to overcome solutions with high osmotic 
forces. Natural gas streams can also be at high pressure, up to 138   bar (2000   psi), with 
increased productivity possible at higher pressures. In both applications better economics 
are achieved by employing modules with multi - year service life. Both water and natural 
gas are natural resources which can be contaminated with materials that can harm long -
 term membrane performance. Pre - treatment systems to control the quality of the feedstock 
are therefore a critical component for both in commercial applications. 

 Early designs for spiral wound modules or hollow fi bre bundles came from the RO 
industry. Modules for treatment of natural gas have also borrowed from these technolo-
gies. A skid containing spiral wound modules built in the 1980s for gas treatment is shown 
in Figure  15.1 . This early array had six high pressure housings while current installations 
for natural gas treatment can have hundreds of tubes.   

 This chapter will describe some of the market forces driving membrane growth in 
natural gas treatment, explore some of the competing technologies to CA membranes, 
examine membrane compaction and the implication to long - term performance, report both 
recent laboratory and fi eld studies with CA membranes and comment on some of the 
technical challenges and trends existing today in natural gas treatment with membrane 
systems that would benefi t from future research and development activities.  
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   15.2    Market for Natural Gas Treatment 

 Natural gas prices have tripled since 2002, which increases the incentive for treatment by 
producers to improve the quality and increase supply. The top 20 countries for proven 
gas reserves are listed in Table  15.1 . This list is dominated by the top three of Russia, 
Iran and Qatar. The three top natural gas producing countries are the combined Russia 
and former Soviet Union states, the United States and Canada. Worldwide in 2007 
there were 15 new gas plants, expansions and modifi cations scheduled and this number 
jumped to 24 for 2008  [10] . Opportunities for new membrane installations have been 
expanding.   

 Figure  15.2  breaks down the major technologies in use in 2001 for control of acid gases 
in natural gas. A good percentage of natural gases are not treated, but the dominant tech-
nology in use is amine treaters. In amine treaters aqueous solutions of various alkanolamines 
are contacted with natural gas in order to scrub out the acid gases. The  ‘ other technology ’  
includes various solid adsorbent systems and cryogenics. In 2001 only 1% by volume of 
natural gas was treated by membranes, indicating that substantial new opportunities for 
membranes are available.   

 Natural gas comes from a variety of sources which infl uences the composition of the 
gas streams. 

   •      Natural gas from crude oil wells, termed  ‘ associated gas ’ , which has been in the pres-
ence of crude oil. Heavy hydrocarbons will likely be present.  

   •      Natural gas from gas wells or condensate wells is termed  ‘ unassociated gas ’ . Gas wells 
produce raw natural gas while the condensate wells also contain light hydrocarbons 
known as natural gas condensate or natural gasoline.  

   •      Coalbed gas coming from methane deposits in coal seams.  

     Figure 15.1     A gas treatment skid for hydrogen recovery from the 1980 ’ s containing 
cellulose acetate membranes as spiral wound modules.  Image courtesy of W. R. Grace, 
Copyright (1988) W. R. Grace   
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   •      Town gas from gasifi cation of coal.  
   •      Biogas from the anaerobic decay of organic matter or biomass. Biogas is at low pres-

sure and contains mostly methane and CO 2 .  
   •      Landfi ll gas from the decomposition of waste in landfi lls is also mostly methane and 

CO 2 , again at low pressure.  
   •      Enhanced oil recovery (EOR) where liquefi ed CO 2  is injected into the ground under 

high pressure to force out oil and natural gas. High CO 2  content is present in the natural 

Membranes
1%

Amines
62%

Other 
Technology

7%

Non-Treated
30%

     Figure 15.2     Estimate in 2001 of percentage of natural gas treated by various technologies 
to remove acid gases  

  Table 15.1    Top 20 of the major natural gas reserves worldwide in trillions of cubic feet 
(tcf, 35.3   ft 3    =   1   m 3 ), % share of the total volume and number of production units   [10]   

   Rank     Country     Proven gas reserves (tcf)     % share     Number of plants  

  1    Russia    1680.0    27.2    24  
  2    Iran    948.2    15.3    22  
  3    Qatar    905.3    14.6    2  
  4    Saudi Arabia    252.6    4.1    10  
  5    USA    211.1    3.4    572  
  6    Abu Dhabi    198.5    3.2      
  7    Nigeria    184.0    3.0    4  
  8    Venezuela    166.3    2.7    14  
  9    Algeria    159.0    2.6    4  

  10    Iraq    112.0    1.8    4  
  11    Kazakhstan    100.0    1.6    4  
  12    Turkmenistan    100.0    1.6      
  13    Indonesia    94.0    1.5    13  
  14    Malaysia    83.0    1.3    5  
  15    China    80.0    1.3      
  16    Norway    79.1    1.3    4  
  17    Uzbekistan    65.0    1.1    2  
  18    Egypt    58.5    0.9    19  
  19    Canada    58.2    0.9    967  
  20    Kuwait    55.5    0.9    4  



Evolution of Natural Gas Treatment with Membrane Systems 317

gas recovered and increases with the age of the fi eld. In addition to methane recovery, 
the CO 2  can be recovered for recycling into the EOR operation.  

   •      Off - shore platforms where space is a premium and the locations can be remote. Partial 
treatment of natural gas is used to protect pipelines to shore.  

   •      On - shore treatment of natural gas produced off - shore.    

 Landfi ll and biogas are often small and localized operations where the methane is at low 
pressure and requires compression for membrane treatment. The methane gathered in 
these operations is often locally consumed. Both coal gasifi cation and natural gas from 
Marcellus Shale on the East Coast have recently been championed in the United States 
as additional sources of fuels to help in the transition from a dependence on foreign oil 
to alternative energy sources. 

 Separex (now part of UOP) reported in 1985 an early membrane system as a trailer 
mounted skid. This skid treated 3.5   MMSCFD (105   000   m 3 /day) at an EOR application 
 [11] . The trailer allowed for moving this small system to other sites when a project 
was completed. MMSCFD are millions of standard cubic feet per day and are common 
engineering units used in this industry ’ s literature. 

 A 1989 report by Grace  [12]  compared the economics of amine and membrane proc-
esses for natural gas treating for 3, 10, 30, 37, 60, 100, 104, 140 and 148   MMSCFD 
(90   000 to 4   440   000   m 3 /day) scale systems. Costs for membrane/amine hybrid systems 
were also considered. The median system size in this collection of proposed applications 
is 60   MMSCFD (1   800   000   m 3 /day). 

 UOP offers a report  [13]  that illustrates the expanding scale of membrane treatment 
systems. In 1994 a plant was installed in Michigan (USA) that processed 40   MMSCFD 
(1   200   000   m 3 /day) to take CO 2  at 11% to less than 2% using spiral wound modules. 
In 1997 a membrane system was installed at an EOR facility in Mexico. The system 
processes 120   MMSCFD (3   600   000   m 3 /day) of inlet gas containing 70% CO 2 . The enriched 
CO 2  permeate stream at 93% CO 2  was reinjected into the EOR process, while the product 
methane stream was at 5% CO 2 . A plant in Pakistan was started up in 1995 at a scale 
of 235   MMSCFD (7   050   000   m 3 /day) of natural gas. An upgrade in 2003 increased 
plant capacity to 500   MMSCFD (15   000   000   m 3 /day). Critical to these systems is pre -
 treatment to remove water, heavy hydrocarbons and other contaminants from the inlet 
natural gas. 

 NATCO reports the use of hollow fi bre bundles of cellulose triacetate in an EOR 
application in Texas (USA) at a scale 100   MMSCFD (3   000   000   m 3 /day) of gas since 1994 
 [14] . Pre - treatment includes chilling to remove heavy hydrocarbons and then dehydration 
by silica gel beds. An expansion of this facility to 200   MMSCFD (6   000   000   m 3 /day) was 
planned in 2005. 

 Air Liquide and ConocoPhillips report that a membrane system in Indonesia installed 
in 1998 processed 310   MMSCFD (9   300   000   m 3 /day) of natural gas, reducing CO 2  from 
30% to 15%  [15] . The polyimide hollow fi bres are protected from heavy hydrocarbons 
through pre - treatment of the inlet gas with a thermal swing adsorption unit utilizing 
silica gel. 

 Another NATCO installation is an off - shore CO 2  removal facility in the Gulf of 
Thailand commissioned in December 2004  [16] . The feed gas volume is 700   MMSCFD 
(2   000   000   m 3 /day) at a CO 2  concentration of 37% and pressure of 43.4   bar (630   psi). A 
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plot of fl ux and separation factor from April 2006 through October 2006 shows stable 
operation with very little if any performance decline. 

 This history shows that there has been a steady progression to larger plant sizes. Current 
proposals for membrane treatment of natural gas exceed one billion SCFD (30   000   000   m 3 /
day). With the expanding scale of these projects, membrane penetration into natural gas 
in 2008 was approaching 5% of the volume treated. These global market forces have been 
favourable to increased module sales over recent years.  

   15.3    Amine Treaters 

 Amine treaters are in essence a small chemical plant operation where an aqueous amine 
solution is used to scrub out from natural gas the acid gases of CO 2  and H 2 S with an 
absorber column. Typical amines in use are monoethanolamine (MEA), diethanolamine 
(DEA), methyldiethanolamine (MDEA), diisopropylamine (DIPA) and diglycolamine 
(DGA). The various amines are chosen on the basis of cost, capacity for acid gases, 
solubility, vapour pressure, regeneration conditions, chemical stability and corrosion 
resistance. The absorber column can be run up to 200   bar, requiring high pressure vessels. 
In order to release the acid gases and recovery the amine solution for recycle a regenerator 
tower is used. This regenerator runs at low pressure but is hot, in the temperature range 
of 115 to 126    ° C. 

 One cost in running an amine system is the continuous slow loss of amine as natural 
gas is treated, requiring replacement of the chemicals. This is due to solubility of the 
amine in the product natural gas, the volatility of the amine, chemical degradation and 
operational problems such as foaming. Additional concerns in operating an amine plant 
are failure to meet product specifi cation, corrosion, emulsions/carryovers, excessive 
amine solution losses, formation of heat - stable salts, degradation products and high fi lter 
replacement rates  [17] . Spillage of amines is also an environmental concern. 

 As with membrane systems, installation of a good fi ltration system for pre - treatment 
of the inlet gas has become one of the key components of amine system design. They can 
remove particulates and take out heavy hydrocarbons that enter with the feed gas. The 
cleaner an amine system is the better it operates. This should be coupled with regular 
chemical analysis of the amine solution to ensure proper control of the plant operation 
and resolve operational problems before they impact performance  [17] . 

 Amine systems are established technology that is readily available with a proven track 
record. Incremental improvements over the years in the amine chemistry, design of the 
contactors and improved process schemes have raised the bar for membrane systems to 
compete. But higher CO 2  concentrations favour membrane systems since in amine treaters 
in order to remove more CO 2  one needs more amine solution. In contrast, when mem-
branes see higher CO 2  contents they permeate higher CO 2  content. This joins with simpler 
(even unattended) operations, lower maintenance and operating costs, and smaller foot 
prints as factors in favour of membrane systems. 

 Membrane systems do not have to compete with amine treaters but instead can comple-
ment them by cutting high CO 2  levels down to levels more compatible with amine treaters. 
The long - term operations of combined membrane and amine systems by NATCO  [14]  
and Air Liquide  [15]  are examples of this hybrid process.  
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     Figure 15.3     Solubility map using Hansen ’ s 1971 Parameters for reported solvents of 
cellulose diacetate (CDA) and/or cellulose triacetate (CTA). Image courtesy of W. R. 
Grace, Copyright (2008) W. R. Grace  

   15.4    Contaminants and Membrane Performance 

 The conundrum in designing membranes for high CO 2  permeability is that the separation 
is enhanced by the solubility of CO 2  in the polymer and that the polymer needs to be 
dissolved in solvents in order for the phase inversion process to occur and form the asym-
metric structure. Properties that enhance CO 2  performance also can make the structure 
sensitive to contaminants that over the long term can hurt performance and in worst case 
scenarios completely shut down performance. 

 Liquid water collapses dried CA membrane structures, requiring in the fi eld that natural 
gas streams be treated to reduce water content before they are introduced into the mem-
brane. Simple droplet tests on the surface of fl at sheet membranes also show that numer-
ous solvents will also damage or dissolve these CA membranes. A partial listing includes 
acetone, 1,4 - dioxane, acetonitrile, dichloromethane, chloroform, propyl acetate, ethyl 
acetate, 2 - butanone, tetrahydrofuran and nitroethane. 

 Solubility parameters are a methodology that can be used to qualitatively characterize 
solvent and polymer interactions  [18] . Hansen ’ s 1971 Parameters provide tabulations of 
solvents broken into dispersive (d), polar (p) and hydrogen bonding (h) contributions. 
Following the conventions of Klein  [19] , plotting these p and h values for various com-
pounds reported as solvents for cellulose diacetate and triacetate generates a solubility 
map (Figure  15.3 ). When a CA blend is used to make CA membranes the area covered 
in this map expands to an area larger than the contribution from a single polymer. A 
mixed CA structure may provide better performance but could also have a differing 
response to some contaminants.   

 In addition to the hydrocarbons that can be expected with a natural gas stream other 
organics can fi nd their way into the system, both volatile and non - volatile. A leak in a 
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heat exchanger can introduce glycols or other heat exchange fl uids. Gas compressors can 
leak oil. The high gas velocities that can be present can create and transport aerosols that 
can coat the membrane surface. 

 Glycol dehydrators are used to scrub water from natural gas to meet pipeline specifi ca-
tions but also pose a potential hazard to membrane systems. An upset in dehydrator 
operations can fl ood membrane modules with triethylene glycol (TEG), commonly 
employed as the working fl uid. 

 Operations for oil and natural gas recovery can also introduce drilling additives, frac-
turing fl uids and other processing liquids into the ground from which natural gas is 
extracted. These are low cost and sometimes proprietary mixtures for which the composi-
tion can be unknown and/or unreported  [20] . There are many potential chemical hazards 
to a membrane operation so a proper pre - treatment system is recommended for successful 
long - term operations. 

 Funk  et al.  reported that high concentrations of water and H 2 S can combine to deacetylate 
cellulose acetate membranes  [21] . This report also shows that high relative humidity 
promoted increased thickness of the dense skin of the membrane with loss of fl ux. The 
conclusion was that water levels in the feed gas need to be controlled in these 
applications.  

   15.5    Cellulose Acetate versus Polyimide 

 Although CA is the focus of this study, there are other polymers available of which the 
most widely reported are the polyimides  [22] . Reported values of even 100 for CO 2 /CH 4  
separation factors (  α  ) are not uncommon with polyimides. This compares with reported 
pure gas dense fi lm CA   α   values listed in Table  15.2  of about 32 depending on the acetyl 
content  [23] . The higher acetyl content polymers have higher CO 2  permeability. A com-
mercially available polyimide, Matrimid, has attracted much interest and had a pure gas 
  α   reported between 43 and 58 depending on how the membrane was prepared and tested 
 [24] . Chemical structures of these two polymers are illustrated in Figure  15.4 .     

  Table 15.2    Permeability, P x 10 10  cm 3 ( STP ).cm/(sec.cm 2 .cm(Hg)) and   α   for  CA  dense 
fi lms 76 – 127   m μ  (3 – 5 mils) thick prepared from Tennessee Eastman, Co. powders and 
tested at 1 atm (1.01 bar) and 35    ° C (23).  CDA  corresponds to 39.8% acetyl content and 
 CTA  to 43.5% 

   Eastman ID 
weight % acetyl  

   CA 320S 
 32.0  

   CA 398 - 30 
 39.8  

   CA 435 - 75 
 43.5  

  He    9.34    16.0    19.6  
  H 2     6.05    12.0    15.5  
  CO 2     1.84    4.75    6.56  
  O 2     0.32    0.82    1.46  
  N 2     0.057    0.15    0.23  
  CH 4     0.052    0.15    0.20  
  CO 2 /CH 4 ,   α      35.6    31.1    32.8  
  H 2 /CH 4 ,   α      116    80    78  
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 Both CA and polyimides are susceptible to plasticization by CO 2   [25 – 27] . When CO 2  
solubilizes in the polymer matrix the polymer chains become more fl exible and allow 
faster transport of CO 2  molecules. If other gas molecules such as methane or nitrogen are 
present they also increase their transport rate often even more so than CO 2 . This means 
that mixed gas measurements often generate lower   α   than pure gas. Also, if pure gas 
measurements are done then methane is usually measured before CO 2  since the polymer 
 ‘ remembers ’  exposure to CO 2  and needs time to relax the extra free volume that has been 
created. Various studies have documented the response of CA permeation rates to tem-
perature, pressure and CO 2  concentration  [28 – 31] . When pressure is increased more CO 2  
solubilizes in the polymer matrix increasing this plasticization. Going up in temperature 
also softens the polymer and causes loss of   α  . In addition, common heavy hydrocarbons 
in gas fi elds such as hexane or toluene can negatively impact performance of polyimides 
in treating natural gas  [32 – 34] . 

 Polyimides would appear to have a clear advantage over CA but in practice other 
considerations need to be taken into account. Figure  15.5  illustrates how changing process 
conditions can impact polymer performance. Pure gas measurements are typically reported 
for dense fi lms at 7   bar (100   psi) or less and 35    ° C. Converting from thick dense fi lms to 
asymmetric structures with thin active layers can introduce a loss of selectivity. Polyimides 
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     Figure 15.4     Chemical structures of two polymers investigated for use in natural gas 
separation membranes  
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are also susceptible to plasticization by CO 2  so therefore on switching to mixed gas there 
is a drop in   α  . Increasing in pressure and temperature further plasticizes and softens 
the polymer structure, resulting in further loss of selectivity. Finally, in going to fi eld 
conditions the trace contaminants that are very likely to be present can further soften the 
polymer. What initially looks like a promising and highly selective polyimide polymer 
has converted into a system with   α   in the single digits.   

 Why do polyimides appear to be more impacted than CA on going into fi eld conditions? 
We have suggested  [32]  that the polyimides have a more ordered structure giving 
higher contributions to the diffusivity factor than CA. Therefore the polyimides are 
more susceptible to structural changes induced by plasticization by CO 2  or higher 
hydrocarbons. 

 Although CA was the original polymer system commercialized for natural gas 
treatment, CA still sets the bench mark against which other polymers can be compared. 
But if the natural gas stream is clean enough there are applications where the higher 
selectivities obtained by polyimides offer an advantage.  

   15.6    Compaction in Gas Separations 

 Compaction refers to a long - term densifi cation of the active membrane layer which 
lowers fl ux over the commercial lifetime of a membrane. It is a diffi cult property to study 
experimentally since lab conditions are almost impossible to match with fi eld conditions. 
Similar diffi culties are found in reverse osmosis since it is a technical challenge to 
distinguish physical compaction from trace impurities in the water that promote fouling 
during long - term tests. In gas separation the treatment of natural gas is an exception to 
other gas separations in that CO 2  is a plasticizing agent especially for the more highly 
selective membrane materials. 

 There are relatively few reports of compaction of asymmetric gas separation mem-
branes in the scientifi c literature. Reinsch  et al.  used ultrasonic time - domain refl ectometry 
to look at the very fi rst hour of compaction with a commercial CA membrane  [35] . The 
13.2% collapse of the membrane thickness in the fi rst seconds probably comes from 
compression of the membrane sub - structure and/or the fabric support. The roughly 10% 
fl ux decline over this fi rst hour was at a much slower rate, which may be an indication 
of the true compaction process. 

 In addition, the contaminants in natural gas present in the fi eld can be poorly defi ned. 
If the pre - treatment of the feed stream is insuffi cient then even ppm levels of contaminants 
at these large gas volumes can collect over time on the membrane surface in large quanti-
ties and promote either surface fouling or enhanced compaction rates  [36] . 

 Another complication is that thin dense membrane fi lms have been shown to decline 
in permeation properties over extended periods of time (10   000   hours) even without exter-
nal stresses. The rate of ageing effect becomes greater the thinner the fi lm  [37] . This loss 
over extended time is presumably due to cast membrane fi lms slowly reorienting polymer 
chains to achieve equilibrium properties with reduced free volume. The thin dense fi lms 
used in these studies (0.4 – 25    μ m) approach the same order of thickness as the active layer 
of cast asymmetric fi lms at less than 2000    Å  (0.2    μ m). The property appears common in 
that it was reported in this paper with polysulfone, polyphenylene oxide and polyimide 
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(Matrimid) dense fi lms. Therefore compaction may be driven not only by physical com-
pressive forces but also by thermodynamic considerations.  

   15.7    Experimental 

 Data in this report are generated from both commercial and developmental fl at - sheet CA 
membranes. CA membranes are prepared by dissolving commercial grades of CA poly-
mers into a solvent/non - solvent mixture to give a highly viscous dope solution. After 
microfi ltration a knife blade is used to spread the dope onto a woven nylon substrate. The 
commercial equipment utilized allows for a 1 - m width to be cast. The thin dope fi lm is 
quenched into a water bath to form the microporous structure by the phase inversion 
process. Membrane is washed with water and post - treated to give fi nished product in dry 
state as roll stock. 

 Figure  15.6  shows a typical scanning electron microscopy view of the fi nished mem-
brane structure. The instrument used was a Hitachi 4500 Cold Field Emission Scanning 
Electron Microscope which allowed for sensitive structures to be examined at high mag-
nifi cation. Overall thickness of the CA layer is about 50    μ m. The fi nely microporous 
structure helps resist the high pressures required in fi eld applications. The active separa-
tion layer is at the very top of the structure. The 20   000 magnifi cation is at the highest 
resolution that could be achieved with this instrument since the polymer structure distorts 
under the heat generated by the electron beam. Even at this high magnifi cation the thick-
ness of the active layer is not clear although it is believed to be well under 2000    Å .   

 Laboratory studies were done with fl at - sheet membrane. Membrane coupons were 
mounted as disks in high pressure test cells. With safety considerations CO 2  in nitrogen 
(instead of methane) was used as feed in order to avoid the explosion potential with 

     Figure 15.6     Scanning electron microscopy of the cross - section of a commercial CA 
membrane. The left view at 1500 times magnifi cation is the overall cross - section with the 
backing layer removed; the right view at 20   000 times magnifi cation includes the top 
active layer. The sample was prepared by freeze fracturing in liquid nitrogen and then 
electro sputtering with AuPd  
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methane. Nitrogen and methane have similar permeation rates: with these CA membranes 
methane averages about 10% higher rate than nitrogen. The feed manifold can be con-
nected to as many as 20 cells in parallel. The feed gas was fl owed over the surface of the 
membrane at a rate so that the retentate gas is at a 12:1 ratio to permeate fl ow. Flow rates 
were measured with an electronic bubble meter and gas chromatography was used to 
monitor CO 2  and N 2  levels in the feed, retentate and permeate. The test equipment could 
be left under pressure for months in order to follow long - term compaction rates. Flux is 
a measure of the productivity of an asymmetric membrane and is the polymer permeability 
( P ) divided by the thickness of the active layer. Flux ( J ) is normalized to standard condi-
tions for permeate volume, membrane area and applied pressure. Units for  J  are therefore 
volume/area/pressure for both CO 2  and N 2 . The separation factor   α   is the ratio of CO 2  
permeability (or fl ux) over methane or nitrogen permeability (or fl ux). 

 Field studies were done with commercial - scale spiral wound modules. Membrane, 
spacers and adhesives were wound around the central permeate pipe to form the module. 
Modules were both vacuum and high pressure tested to insure integrity.  

   15.8    Laboratory Tests of Cellulose Acetate Membranes 

 Varying the retentate to permeate balance (R:P ratio) impacts membrane performance 
because at low values the membrane surface becomes starved of the highly permeable 
CO 2 . Figure  15.7  shows the average result from fi ve coupons of a developmental CA 
membrane. At higher R:P ratio the % CO 2  in the permeate increases and the total feed 
fl ow to the coupon increases. This means smaller stage cut and higher CO 2  in the retentate. 
At the R:P ratio of 12:1 the mass balance calculates as a stage cut where 7.7 volume % 
of the feed is collected as permeate. Therefore the test results offer slightly conservative 
estimates of membrane performance.   

 A sample of commercial CA membrane was tested against two different sets of feed 
conditions with one at 38    ° C and 69   bar (1000   psi) and the other at 54    ° C and 90   bar 
(1300   psi). Both were with 10   mol.% CO 2  in nitrogen and relative fl uxes are reported in 
Figure  15.8 . The curve shapes are typical compaction curves where initial decline in fl ux 
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     Figure 15.7     Variation of retentate to permeate ratio for a coupon test of a developmental 
CA membrane under 10% CO 2  in nitrogen at 69   bar and 38    ° C  
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is fairly rapid and then fl ux declines much more slowly over time. On day 6 the 38    ° C 
trial was at 83% of the initial reading while the 54    ° C trial was at only 62% of the initial 
reading and still visibly declining. Higher pressure and temperature have accelerated the 
compaction rate.   

 Literature  [28 – 31]  suggests that both the higher pressure and temperature in Figure 
 15.8  should have increased the initial CO 2  rate through the membrane at 54    ° C and 90   bar 
(1300   psi) to be well above (perhaps 50%) of that for 38    ° C and 69   bar (1000   psi). This 
was not observed, so during the initial few hours when the test equipment was being 
allowed to equilibrate the fl ux must have taken a substantial hit. This high decline rate 
would not be favourable to long - term applications. 

 Permeation tests are the primary method to evaluate alternative membrane formulations. 
Figure  15.9  shows a head - to - head test of commercial CA membrane coupons against a 
developmental CA membrane. Test conditions were set at 55   bar (800   psi) and 27    ° C with 
6   mol.% CO 2  in nitrogen. These conditions were chosen to simulate an upcoming fi eld 
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     Figure 15.8     Relative CO 2  fl ux ( J / J  0 ) (against the initial 38    ° C reading for CA membrane) 
under 10% CO 2  in nitrogen for commercial CA membrane. Two separate trials are 
reported, one at each condition of temperature and pressure  
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     Figure 15.9     Relative CO 2  fl ux ( J / J  0 ) (based on initial reading for commercial membrane) 
of two CA membranes under 6% CO 2  in nitrogen at 55   bar and 27    ° C  
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trial at a natural gas production facility. The lower operating pressure and temperature 
compared to Figure  15.8  results in reduced compaction rates and decline in fl ux over time. 
This developmental membrane is at almost twice the fl ux of the commercial CA mem-
brane. The next question is whether these promising lab results would translate to real 
fi eld conditions.    

   15.9    Field Trials of Cellulose Acetate Membranes 

 A large - scale natural gas producer made available a test skid that would allow for 
membrane products to be demonstrated under real fi eld conditions. Commercial CA 
membranes from both Grace and another supplier and the developmental membrane were 
delivered to the fi eld as full - scale 20   cm (8   inch) diameter spiral wound modules. 

 The feed gas contained about 6% CO 2  with about 50   ppm H 2 S. The bulk of the gas was 
about 81% methane, with the major other components being about 12% nitrogen and 1% 
ethane. Target specifi cations for the sales gas (retentate) were to reduce CO 2  to less than 
2% and H 2 S content to less than 15   ppm. Feedstock conditions were relatively mild at 
55   bar (800   psi) and 27    ° C. The three trials were run sequentially over a period of months. 
One set of analysis was reported for each day of the trials. 

 The permeate fl uxes for the three membrane systems over 30+ days are reported in 
Figure  15.10 . CA membranes can be prepared at different points of the trade - off curve 
for fl ux and selectivity and these two commercial CA membranes are at slightly different 
fl ux. But the developmental membrane is substantially higher in permeate fl ow indicating 
a more productive membrane compared to the commercial CA membranes.   

 Although there is day - to - day variation as the feed fl ow rate to the test unit and gas 
composition varies slightly, none of the three products are showing discernible signs 
of compaction. This is consistent with the relatively mild process conditions employed 
in this trial. These results also confi rm that laboratory tests  –  where a developmental 
membrane was also notably higher in fl ux than the commercial CA membrane (Figure 
 15.9 )  –  can be predictive of fi eld performance. 
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     Figure 15.10     Permeate fl ow for two commercial CA spiral wound modules and a 
developmental module during natural gas fi eld trials. Process conditions are 6% CO 2  at 
55   bar and 27    ° C  
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 Figures  15.11  and  15.12  report the CO 2  and H 2 S levels of the retentate stream. All three 
products reduce the levels of these impurities in the product gas and are showing stable 
performance. But with the higher permeate fl ow from the developmental modules more 
CO 2  and H 2 S are removed and therefore bring the retentate gas stream to the target levels 
of purity for both CO 2  and H 2 S. The developmental membrane has demonstrated in the 
fi eld substantially better performance and productivity than the two commercial CA 
membrane products that were also tested.    

   15.10    Strategies for Reduced Size of Large - scale Membrane Systems 

 Membrane, module and system performance are interdependent on each other. The mem-
branes have to meet fl ux and selectivity requirements for a given application. There is a 
trade - off curve available between fl ux and selectivity so a preferred strategy is to supply 
a membrane that meets minimum selectivity and then boost the fl ux. But meeting the 
requirements in the lab for fl ux and selectivity are only the initial step since the membrane 
has to be designed and engineered into a working installation. 
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     Figure 15.11     Amount of CO 2  in the retentate during the fi eld trials of spiral wound 
modules at a natural gas plant. Target was less than 2% CO 2   
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     Figure 15.12     H 2 S levels in the retentate during the fi eld trials of spiral wound modules at 
a natural gas plant. Target was less than 15   ppm H 2 S  
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 Only perhaps 20% of the cost of a membrane system is in the cost of the modules; 
since these are high - pressure systems with hazardous gases they require steel construc-
tion. Spiral wound modules are typically loaded end - to - end into housings made from 
piping 8   m in length. Standard industry size is 20   cm (8   inch) diameter modules and every 
high pressure fl ange or valve increases the system cost. 

 Reducing the number of modules required for a system therefore has a 4 - fold multiplier 
in reducing the steel and construction costs going into an installation. Membrane area per 
spiral wound module has improved over the years with a more refi ned selection of feed 
and permeate spacers. This then allows for more functional membrane area to be pack-
aged into every module. This reduces the total number of required modules in large - scale 
installations. 

 These techniques for improvements in membrane area have to be balanced against 
developing a pressure increase on the permeate side as the module attempts to evacuate 
the permeate gas and the pressure drop on the feed side from end - to - end of the modules 
as feed gas is forced through for treatment. Too high a permeate pressure increase will 
negatively impact both fl ux and selectivity. And since the membranes are highly selective 
to CO 2 , the concentration of CO 2  can build up in the permeate channels and reverse per-
meate at the tail end of module leaves and contaminates the cleaned retentate gas. Too 
high a pressure drop on the feed side steals from the driving force for the separation and 
is exacerbated when modules are in multiple strings. Of concern is that a severe pressure 
drop can  ‘ telescope ’  a module and cause complete failure. Anti - telescoping devices are 
built as end caps on spiral wound modules in order to provide protection against fl ow 
surges. 

 Another strategy to reduce the number of modules is to increase the dimension of the 
steel housing to handle larger modules. NATCO  [5,14]  has been successful in increasing 
the dimensions of hollow fi bre bundles to greatly reduce system costs. The earlier modules 
were 13   cm (5   inch) diameter and 1   m (40   inch) length. This was boosted to 30   cm (12   inch) 
diameter, then to 41   cm (16   inch) and twice the length, and then to a mega - module at 
76   cm (30   inch) diameter. These are potentially equivalent to 72 of the original modules. 
This represents a substantial decrease in foot print and required pressure housings for a 
large - scale installation. 

 For new system builds the same strategy can be done with spiral wound modules 
designed for natural gas treatment. Grace has constructed a 30 - cm (12 - inch) diameter 
module versus the standard 20 - cm (8 - inch) diameter module. Since membrane area is a 
squared function of diameter, the ratio of 144 to 64 means a 225% increase in membrane 
area per module. Although the larger diameter modules and pressure housings each cost 
more there is potential for reduction in total system cost. 

 And, of course, higher fl ux for a membrane would increase the volume of permeate 
output from the full - scale module. If selectivity is maintained than the total number of 
modules required is reduced. 

 The dependence on R:P ratio for coupon performance shown in Figure  15.7  also applies 
to module performance. In system design the module strings need to be supplied with a 
suffi cient feed rate to promote top membrane performance. Supplying these high feed 
fl ow rates needs to be balanced against increasing end - to - end pressure drop. The design 
of an appropriate module can improve system performance or allow retrofi t into existing 
systems. Figure  15.13  shows a variety of modules built for specifi c applications (some 
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experimental) where different couplings, membrane area or overall dimensions have been 
incorporated. For example, reducing the diameter of a module increases feed velocity for 
the same given volume of feed and improves the R:P ratio.    

   15.11    Research Directions 

 Of high interest would seem to be improved fl ux and selectivity through a better polymer. 
Materials are reported every year with good permeability properties but many studies are 
carried out with relatively thick dense fi lms on the order of 5 to 50    μ m. In addition, with 
CO 2  any study with pure gas results has to be discounted until mixed gas results are 
reported because of CO 2  plasticization. Also, thin fi lm permeation properties have been 
demonstrated as different than those of thick fi lms  [37] . 

 For commercial membranes to be competitive in natural gas treatment they must be 
reliably manufactured with an active separation layer on the order of 0.1    μ m. They also 
have to be resistant to warm and high pressure operating conditions and mechanically 
resistant to assembly into modules. These are all signifi cant tasks to engineer and inherent 
permeability of the polymer is only one of the factors involved. 

 As gas fi elds age around the world they increase in contaminants that can potentially 
harm long - term membrane performance. Better chemical resistance for the membrane 
polymer would be benefi cial. Whether highly selective polymers for CO 2  transport (see 
e.g. Chapters  10  –  13  of this book) that also have resistance to CO 2  plasticization can be 
developed remains an open question. Membrane structures with improved resistance to 
elevated process conditions of temperature and pressure are also desired. Converting new 
materials into working systems requires attention to preparing high productivity mem-
branes with sub - micrometer active layers. These membranes need to be packaged into 
modules and then delivered as an engineered system that optimally enhances the original 
polymer performance. 

 The observations that very thin cast fi lms lose permeability over time even without 
external stress is of interest since the active layers of commercial membranes are also 
thin fi lms. Our commercial modules are pre - stressed with a pressure test to check integrity 
and can take months to get from the production fl oor to the customer. How does this thin 

     Figure 15.13     A variety of module designs from lab - scale to commercial size for multiple 
applications including natural gas treatment.  Courtesy of W.R. Grace   
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dense fi lm behaviour observed in the lab for other polymers relate to the asymmetric thin 
fi lm structure of commercial CA membranes? 

 The material science of long - term membrane compaction in asymmetric membranes is 
not well reported. This phenomenon has been observed in gas separations including 
this report, but also in reverse osmosis  [6]  and organic solvent nanofi ltration  [38] . How 
to accurately predict multi - year performance in the fi eld with short - term lab tests is a 
continuing challenge. 

 Since installed membrane systems for natural gas treatment are continuing to increase 
in scale, strategies that reduce the number of required modules and therefore total system 
cost continue to be of interest.  

   15.12    Summary 

 Natural gas separations are unusual in that not only is CO 2  highly permeable but that CO 2  
and other contaminants can also plasticize the most selective polymer structures. Although 
cellulose acetate structures are sensitive to solvents and chemicals, effective pre - treatment 
schemes in the fi eld can allow for stable long - term operations. 

 New installations in natural gas treatment are increasingly favourable to membrane 
systems as they expand in scale and treat streams higher in CO 2  content. In systems with 
large volumes of CO 2  a membrane system can be employed to make the bulk cut and 
then an amine system can provide the fi nishing treatment. This is especially applicable 
in fi elds employing CO 2  injection for enhanced oil recovery. 

 Long - term compaction and decline in fl ux with asymmetric membranes under gases 
that plasticize the polymer in use are rarely reported. These experiments confi rm that 
higher pressure and temperature can increase compaction levels to unacceptable levels. 
Conversely, milder process conditions can allow for stable long - term performance in 
treatment of natural gas. 

 The developmental membranes reported here that have improved productivity and 
performance over conventional commercial cellulose acetate membranes indicate that 
there are avenues for improvement with new and future technologies. 

 Membrane materials that offer improved resistance to temperature, pressure, high CO 2  
content, water and other chemical contaminants are all areas that offer gains in long - term 
performance desired in commercial applications. 

 Membrane systems for natural gas treatment are now approaching 30 years of service 
to the industry and continue to evolve toward better performance. Further advances in the 
technology should be expected.  
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  16 
The Effect of Sweep Uniformity 

on Gas Dehydration 
Module Performance  

  Pingjiao     Hao    and    G. Glenn     Lipscomb  
  Chemical and Environmental Engineering Department, University of Toledo, Toledo, Ohio, USA       

    16.1    Introduction 

 Membrane gas separation for air dehydration (AD) differs from other commercial applica-
tions in several ways. First, the component to be removed (water) possesses a permeability 
that may be more than three orders of magnitude greater than the other components in 
the feed (oxygen and nitrogen). Second, the feed concentration is small, less than 1% on 
a molar basis. Third, the product concentration may be two orders of magnitude less than 
the feed concentration. 

 Membranes in the form of hollow fi bre modules are used commonly for gas dehydra-
tion. In comparison to spiral wound modules made from fl at sheet membranes, hollow 
fi bre membrane modules contain more membrane surface area per unit volume thereby 
reducing the size of the module. Additionally, hollow fi bre module manufacturing costs 
are lower  [1]  and hollow fi bre designs easily permit permeate sweep. 

 A hollow fi bre module can be operated in three different modes: co - current, cross, or 
counter - current fl ow. In co - current fl ow, the permeate fl ows in the same direction as 
the feed and retentate. In cross - fl ow, the permeate fl ows perpendicularly to the feed 
and retentate while in countercurrent fl ow the permeate fl ows in the opposite direction. 
The countercurrent fl ow pattern gives the best performance as the driving force for trans-
port is maximized along the module length. One can produce an arbitrarily high purity 
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retentate product with the countercurrent design but the maximum permeate purity is 
limited by the intrinsic separation properties of the membrane  [2,3] . Production of a high -
 purity permeate requires module staging. Thus, the production of a high - purity product 
is easier when the product is the retentate. 

 Wang  et al.   [4,5]  demonstrate that for a countercurrent hollow fi bre module the mem-
brane resistance to water transport is negligible  –  the overall mass transfer coeffi cient is 
controlled by lumen and shell - side concentration boundary layers. Returning part of the 
retentate product as a permeate sweep increases the rate of water removal. The required 
membrane area decreases dramatically as the fraction of the retentate used as sweep is 
increased (sweep fraction). However, for sweep fractions greater than  ∼ 0.1, the increase 
in productivity is offset by an increase in consumption of product gas as sweep. 

 The patent literature describes three primary methods for introducing sweep from the 
retentate product into the shell of a hollow fi bre module. 

 First, Skarstrom and Kertzman  [6]  teach the use of conduits and valves external to the 
module to return a portion of the retentate product to the shell as sweep. The sweep may 
be introduced either through an external port on a case enclosing the fi bre bundle or 
through a tube that extends from outside the module through the tube sheet into the shell. 
Similarly, Makino and Nakagawa  [7]  teach the use of valves and conduits to feed the 
sweep to the fi bre lumens in a shell - fed module. Friesen  et al.   [8,9]  teach the use of the 
sweep stream that is mixed with the water - containing permeate at a point generally oppo-
site the feed to the module, preferably through a port near the retentate product (i.e. the 
dehydrated air product) end of the module. 

 Second, Stookey  [10]  teaches the use of fi bres that possess reduced selectivity and 
increased permeance near the retentate product end. If the fi bres used in the module are 
composite membranes, one can change their transport properties simply by removing the 
discriminating coating in a region near the tube sheet. This allows introduction of the 
sweep from the fi bres themselves but does not allow control of the sweep rate. 

 Third, Morgan  et al.   [11]  teach the use of a plurality of passages (fi bres, tubes, or other 
conduits) embedded in the retentate end tube sheet that allow fl uid communication 
between the retentate header and the shell. The pressure difference between the header 
and shell drives a portion of the retentate product back into the shell. The sweep fl ow rate 
is determined by the number and size of the passages and cannot be regulated externally. 
This  ‘ internal sweep ’  design is used extensively. Burban  et al.   [12]  describe a modifi ca-
tion in which a diffuser is used to distribute the sweep more uniformly in the shell. A 
channel or conduit extends from the retentate header through the tube sheet into the fi bre 
bundle. The channel end in the header is left as an open orifi ce while the channel end in 
the fi bre bundle is capped by a porous diffuser. 

 The patent literature also teaches the importance of countercurrent contacting  [13]  and 
recycle confi gurations to improve process performance  [14] . Auvil  et al.   [14]  describe 
two confi gurations in which the wet permeate is recycled to eliminate feed air losses. If 
the feed is at ambient pressure, the permeate is sent to the inlet of the feed compressor. 
If the feed is already at pressure, a recycle compressor is used to increase the permeate 
pressure to the feed pressure. In both confi gurations, water is removed from the process 
in the chiller/condenser that follows the compressor. 

 More recent literature addresses other issues associated with membrane dehydration. 
Vallieres and Favre  [15]  demonstrate that use of a permeate vacuum may be preferable 
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to use of a product sweep in some cases. However, the changes in performance are modest 
and may not justify the purchase and maintenance of a vacuum pump. Metz  et al.   [16]  
report measurements of the dependence of water permeability on water concentration. 
This dependence is important if boundary layer resistances to mass transfer are compa-
rable to or less than the membrane resistance. 

 Pan  [17]  describes one of the fi rst attempts to evaluate the performance of a gas separa-
tion module for the separation of multicomponent mixtures. Pan ’ s analysis assumes the 
local permeate composition, that determines the partial pressure driving force for permea-
tion, is not equal to the bulk concentration of the permeate due to the membrane support 
resistance. Instead the composition within the membrane support is taken as the composi-
tion produced by cross - fl ow of the permeate through the support. Additionally, permeate 
pressure drop within the support is neglected. Kovvali  et al.   [18]  propose a simplifi cation 
to Pan ’ s solution procedure by assuming a linear relationship between permeate and 
retentate mole fractions for suffi ciently small composition ranges. Chowdhury  et al.   [19]  
obtain more accurate solutions by using a backward difference Adams - Moulton or Gear 
approximation for the governing differential equations. The resulting non - linear algebraic 
equations are solved with a modifi ed Powell hybrid algorithm that utilizes a fi nite differ-
ence approximation for the Jacobian. 

 Coker  et al.   [20]  avoid the assumption of a local permeate composition equal to the 
cross - fl ow composition by dividing a module into a series of  N  well - mixed stages and 
solving the Weller - Steiner equations  [21]  for each stage. If the stages are numbered from 
1 to  N  from the feed to the retentate product end, the retentate stream exiting stage  i  is 
the feed to stage  i    +   1. The permeate from stage  i    +   1 is sent to stage  i  as a sweep for 
countercurrent modules; for co - current modules, the permeate from stage  i   –  1 is used. 
This simplifi cation is equivalent to the use of fi rst - order fi nite differences to approximate 
the derivatives in the governing mass balances. Kaldis  et al.   [22]  describe an alternative 
solution procedure in which the governing differential equations are approximated using 
an orthogonal collocation algorithm. 

 Lemanski and Lipscomb  [23,24]  describe solutions of the governing conservation 
of mass equations for fl ows throughout the lumen and shell regions of a module. The 
solution assumes the fl ows are equivalent to fl ow through an effective porous media 
and explicitly accounts for the infl uence of inlet and outlet port placement on perfor-
mance. Marriott  et al.   [25 – 27]  also describe solutions to the governing conservation 
of mass, momentum, and energy equations for the fl ows within the lumen and shell 
regions. For countercurrent and co - current fl ows, the rigorous axis symmetric conserva-
tion equations are solved within the lumen of an individual fi bre  –  all fi bres are assumed 
identical. The lumen equations are coupled to the shell equations assuming uniform axial 
plug fl ow in the shell; fl uid distribution to and from lumen distribution manifolds is not 
considered. 

 This work reports simulations of sweep distribution within the shell and its effect 
on module performance. Two types of simulations are considered: (1) simulations 
that assume the sweep fl ow around each fi bre is distributed in a Gaussian manner and 
(2) simulations that explicitly predict fl ow fi elds within the shell based on how the sweep 
gas is introduced. 

 Predictions based on explicit calculation of the shell fl ow are in good agreement with 
those based a Gaussian sweep distribution using a standard deviation in sweep fl ow equal 
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to  ∼ 20% of the average sweep fl ow rate. Surprisingly, sweep distribution has little effect 
on performance in both cases.  

   16.2    Theory 

   16.2.1    Gaussian Distribution of Sweep 

 The simulations assuming a Gaussian distribution of sweep fl ow are based on mass 
balances for each fi bre in the module. Key assumptions in the theoretical analysis are as 
follows. 

  1     The retentate fl ows in the lumen and the permeate in the shell.  
  2     Gas mixtures behave ideally.  
  3     The shell pressure is constant.  
  4     The lumen pressure drop is described by the Hagen - Poiseuille equation for compress-

ible fl ows.  
  5     Mass transfer by axial diffusion is small relative to axial convection.  
  6     The process is isothermal and steady - state.  
  7     The properties of a given fi bre do not vary along its length. However, properties may 

vary from fi bre to fi bre.  
  8     Lumen - side mass transfer coeffi cients are calculated using the Leveque correlation and 

shell - side mass transfer coeffi cients are calculated using the Donohue correlation.    

 The Gaussian sweep distribution is given by Equation  (16.1) :

    g φ
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where   φ   is the sweep fl ow rate around a fi bre,   φ  the mean sweep fl ow rate per fi bre, and 
  σ   the standard deviation. The fraction of fi bres for which the sweep fl ow rate falls in the 
interval [  φ  ,   φ      +     d φ  ] is equal to  g (  φ  ) d φ  . For the bundle of fi bres, the average fl ow rate per 
fi bre is given by Equation  (16.2) :
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where  f  may be the retentate or permeate fl ow. Gauss - Hermite quadrature  [28]  is used to 
evaluate Equation  (16.2)  and determine the overall performance of the fi bre bundle. The 
number of quadrature points is determined by increasing the number until the results 
change by less than the desired solution accuracy. 

 The lumen and shell mass balances for individual fi bres in the bundle are solved by 
dividing each fi bre into  N  Weller - Steiner Case I stages along its length, as illustrated in 
Figure  16.1 .   

 For stage  j  and component  i , the mass balance equations and permeation relationships 
are given by Equations  (16.3)  and  (16.4) , respectively:

    R x P y R x P yj i j j i j j i j j i j− − + ++ = +1 1 1 1, , , ,     (16.3)  
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    P y P y A J A k p x p yj i j j i j j i j j i j i j i j, , , , , ,− = = −( )+ +1 1 h l     (16.4)  

where  R  is retentate molar fl ow rate,  P  permeate molar fl ow rate,  x  retentate mole fraction, 
 y  permeate mole fraction,  A  membrane area,  p  pressure,  J  permeation fl ux, and  k  the 
overall mass transfer coeffi cient. The subscripts h and l denote the high pressure retentate 
and low pressure permeate, respectively. The number of stages  N  is varied until the results 
obtained by increasing  N  change by less than 1%. 

 Summing the mass balances for each of the  n  components, Equation  (16.5) , gives the 
following expressions for the change in retentate and permeate fl ow rate.
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 Pressure drops in the lumen are calculated using the Hagen - Poiseuille equation  [29]  modi-
fi ed by substituting the product of molar fl ow rate and molar density for the volumetric 
fl ow rate and using the ideal gas law to calculate molar density:
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where  z  is distance along the module,   η   the gas viscosity,  R  g  the ideal gas constant,  T  
temperature,  r  i  the fi bre inner radius, and  N  f  the number of fi bres. The integral of this 
equation for stage  j  is given by:
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where   Δ L  is the length of the stage (i.e. (active fi bre length)/ N  f ). Equation  (16.8)  is used 
to evaluate the pressure in each stage given the pressure of the feed gas to stage 1. 

 Equations  (16.3) – (16.7)  are solved with an iterative solution algorithm. Using the 
crossfl ow solution as an initial guess, improved estimates for  x i,j   and  y i,j   are obtained from 
Equations  (16.9)  and  (16.10) , respectively, which follow from Equations  (16.3)  and 
 (16.4) :
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     Figure 16.1     Countercurrent module divided into  N  stages  
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 Improved estimates for  P j  ,  R j  , and  p h,j   are obtained using Equations  (16.5) ,  (16.6) , and 
 (16.8) , respectively. The iterative procedure is stopped when the variables change by less 
than 1% from one iteration to the next. This direct substitution iterative algorithm proved 
to be robust and converged quickly for all cases considered. The converged solution for 
each fi bre is used to evaluate overall module performance by using Equation  (16.2)  to 
determine average fl ow rates. 

 The overall mass transfer coeffi cient for species  i  is calculated by summing the lumen -
 side, membrane, and shell - side mass transfer resistances as given by Equation  (16.11) :
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    (16.11)  

where  r  o  is the fi bre outer radius and  Q  the membrane permeance based on the fi bre outer 
radius. As defi ned in Equation  (16.11) , the overall mass transfer coeffi cient is based on 
the fi bre outer radius. 

 The shell and lumen side boundary resistances are calculated using the Donohue and 
Leveque equations, Equations  (16.12)  and  (16.13)  respectively, as suggested by Wang 
 [4,5] .
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where  k  l  is the lumen - side mass transfer coeffi cient,  k  s  the shell - side mass transfer coef-
fi cient,  L  the length of the fi bres,  D  the diffusion coeffi cient,  Re  the Reynolds number, 
 Sc  the Schmidt number, and  D  h  the hydraulic diameter given by:
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where  r  m  is the module radius. Note the Reynolds number is calculated based on the fi bre 
inner radius for Equation  (16.12)  and the fi bre outer radius for Equation  (16.13) . 

 Results obtained for a Gaussian sweep distribution are compared to results obtained 
for a Gaussian fi bre inner radius distribution. Previous work  [30,31]  has shown that vari-
ation in fi bre inner radius has the largest impact on module performance when the variabil-
ity in fi bre properties is included in module performance simulations.  

   16.2.2    Explicit Sweep Distribution Simulations 

 To explicitly calculate the shell and lumen fl ow distributions, the shell - side and lumen -
 side spaces are treated as bi - continuous porous media. Volume averaging the conservation 
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equations for the lumen and shell spaces yields conservation equations in terms of volu-
metric average values of the fi eld variables (velocity, pressure, and concentration) where 
the averaging volume is small compared to the macroscopic dimensions of the module 
but larger than fi bre dimensions. 

 For low Reynolds number fl ows, volume average of the conservation of mass equations 
yields Darcy ’ s law as the relationship between superfi cial velocity and pressure:

    u
K

p= − ∇
η

    (16.15)  

where  K  denotes the hydraulic permeability of the porous medium and  u  is the volume 
average superfi cial velocity. Note that for anisotropic porous media  K  is a tensor. However, 
previous work  [23]  shows that for suffi ciently high module aspect ratios (i.e. module 
length to diameter ratios) the effect of anisotropy on module performance is negligible 
so one may assume the porous media are isotropic. 

 The steady - state volume average conservation of mass equation for component  i  is 
given by Equation  (16.16) 

    ∇⋅( ) = ±ρi iu J     (16.16)  

where   ρ   is the molar fl uid density and  J  the permeation fl ux defi ned in Equation  (16.4) . 
For a lumen - fed module, the positive sign is used for the shell fl ow and the negative for 
the lumen fl ow. Note that mass transfer due to molecular diffusion and Taylor dispersion 
is neglected relative to convection, as suggested in the literature  [24] . 

 Summing Equation  (16.16)  over all of the components yields the continuity equation 
for the porous media.
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    (16.17)   

 The shell and lumen velocity fi elds are obtained by substituting Darcy ’ s law, Equation 
 (16.15)  for the velocity and applying appropriate boundary conditions. An appropriate 
equation of state also is required to calculate density from pressure. The ideal gas law is 
used for the relatively low pressure dehydration process considered here. 

 Shell and lumen boundary conditions for external sweep ports are illustrated in Figure 
 16.2  for an axis symmetric module cross - section. Symmetry is applied along the module 
centreline while the radial velocity and radial mass fl uxes are set to zero along the external 
case. The pressures along the inlet and outlet are specifi ed for the lumen and shell regions. 
The lumen and shell fl ow rates are controlled by the magnitude of the pressure drop 
between inlet and outlet. Note that specifi cation of uniform pressures along the inlet and 
outlet boundaries assumes uniform gas distribution in the header that connects these 
regions to the external plumbing that delivers/removes the gas fl ow.   

 Equations  (16.14) – (16.16)  are solved using COMSOL Multiphysics ®   [32] . This simu-
lation environment solves the governing conservation equations using the fi nite element 
method  [33] . It also readily accommodates introduction of the appropriate form for the 
permeation fl ux and its dependence on gas partial pressure.   
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   16.3    Results and Discussion 

 The results presented here assume the selectivity for water permeation relative to nitrogen 
is 1000 and that for oxygen to nitrogen is 8 which are representative of current commercial 
air dehydration modules. Other fi bre properties and operating conditions are tabulated in 
Table  16.1  and are representative of commercial hollow fi bre dehydration modules.   

Centerline 

p = p0

ρι = ρi0

L

rm

p = 0
convective flux

axial symmetry 

insulation(a) 

Centerline 
axial symmetry 

insulation 

(b) p = 0
convective flux 

insulation insulation 

u = u0

ρι = ρi0

     Figure 16.2     Boundary conditions used in explicit simulations of sweep distribution to 
evaluate module performance: (a) lumen - side boundary conditions and (b) shell - side 
boundary conditions. Note that the boundary conditions for the shell correspond to one of 
the confi gurations used to simulate shell fl ows. Similar boundary conditions apply for the 
others. The shell extensions allow establishment of uniform velocity and concentration 
fi elds as described previously  [24]   
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  Table 16.1    Fibre and module properties and operating 
conditions. Literature correlations are used to convert 
dew points to water vapour concentrations   [38,39]   

  Fibre number    10,000  
  Fibre length (m)    0.1  
  Fibre inner diameter ( μ m)    200  
  Fibre outer diameter ( μ m)    150  
  Fibre packing fraction    0.5  
  H 2 O/N 2  selectivity    1000  
  O 2 /N 2  selectivity    8  
  N 2  permeance (GPU)    1  
  Feed pressure (psia)    147  
  Shell - side pressure (psia)    14.7  
  Feed dew point @ 14.7 ( ° F)    45  
  Operating temperature ( ° F)    115  

 The simulations assuming a Gaussian sweep distribution were performed using three 
quadrature points based on previous work demonstrating that use of fi ve quadrature points 
gave equivalent results to within less than 1%  [30,31] . Simulations with varying number 
of stages indicated that the results did not change by more than 5% if 200 or more stages 
were used. Thus, all simulations were performed with 200 stages. 

 The explicit sweep distribution simulations were performed with increasingly refi ned 
meshes until the results did not change by more than 5%. Typical meshes contained 5000 
elements. 

 In the following discussion, percent variation prefers to the ratio of the standard devia-
tion to the mean value of a property distribution expressed as a percentage (  100∗σ φ). 
Module performance refers to the dry gas (retentate) fl ow rate and recovery for a given 
purity. 

   16.3.1    Module Performance with Ideal Sweep Distribution 

 Figures  16.3  and  16.4  illustrate the effect of sweep fraction (i.e. fraction of the dry product 
returned as sweep to the shell) on module performance assuming uniform, ideal sweep 
distribution. For all sweep fractions, the product gas fl ow rate and recovery decrease as 
the dew point decreases since increased water removal is accompanied by increased loss 
of oxygen and nitrogen.   

 Increasing the sweep fraction dramatically increases the product gas fl ow rate. For 
example, Figure  16.3  indicates the dry gas fl ow rate increases by a factor of nearly 20 at 
a dew point of 0    ° F if the sweep fraction is increased to 0.2. This increase in fl ow rate 
comes at the cost of reduced recovery. For high selectivities, recovery is reduced by an 
amount approximately equal to the sweep fraction. Figure  16.4  indicates recovery decreases 
from 0.88 to 0.79 at a dew point of 0    ° F as the sweep fraction is increased to 0.2. 

 For the higher dew points, fl ow rates are high and signifi cant pressure drops can 
occur. For the results in Figures  16.3  and  16.4 , the highest pressure drops were  ∼ 8   kPa. 
Large pressure drops reduce the partial pressure driving force for water transport and 
consequently are detrimental to recovery. 
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 The changes in performance for a lower water/nitrogen selectivity of 100 are illustrated 
in Figures  16.5  and  16.6 . Relative to a selectivity of 1000, dry gas recovery decreases 
slightly but dry gas fl ow rates are signifi cantly lower. A decrease in recovery is expected 
with a decrease in selectivity since more dry air will permeate along with the water. For 
a dew point of 0    ° F and sweep fraction of 0.2, the recovery decreases from 0.79 to 0.75.   
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     Figure 16.3     Dry gas fl ow rate as a function of dew point for various sweep fractions: 
solid  –  0; short dash  –  0.1; long dash  –  0.2  
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     Figure 16.4     Dry gas recovery as a function of dew point for various sweep fractions: 
sweep fractions: solid  –  0; short dash  –  0.1; long dash  –  0.2  
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 The large drop in dry gas fl ow rate is due to the change in water permeance with 
selectivity. For the calculations, the nitrogen permeance was held constant so the decrease 
in selectivity led to an equal decrease in water permeance. However, the fl ow rate change 
is less than the permeance change; one expects the changes to be comparable if pressure 
drops in the fi bre lumen are small and the permeate concentration does not change. For 
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     Figure 16.5     Dry gas fl ow rate as a function of dew point for a water/nitrogen selectivity 
of 100 and various sweep fractions: solid  –  0; short dash  –  0.1; long dash  –  0.2  
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     Figure 16.6     Dry gas recovery as a function of dew point for a water/nitrogen selectivity 
of 100 and various sweep fractions: solid  –  0; short dash  –  0.1; long dash  –  0.2  
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a dew point of 0    ° F and sweep fraction of 0.2, the dry gas fl ow decreases by a factor of 
 ∼ 6 (from 2 to 0.3 SCFM) as the selectivity and water permeance decrease by a factor of 
10. The decrease in fl ow rate is less than the decrease in permeance because more dry air 
permeates with the water. This reduces the water concentration in the permeate which in 
turn increases the water partial pressure difference that drives transport across the mem-
brane. Consequently, the rate of water removal and the amount of humid gas that can be 
dried increase. Similar changes with selectivity have been reported previously  [4,5] .  

   16.3.2    Effect of Sweep and  ID  Variation 

 Figures  16.7  and  16.8  illustrate the effect of sweep variation on module performance. An 
average sweep fraction of 0.1 was used for the calculations.   

 Variability in the sweep fl ow around individual fi bres has little effect on module per-
formance. Only slight decreases in dry gas recovery and fl ow rate occur as the variability 
in sweep fl ow increases. The dry gas fl ow rate drops by less than 10% over the range of 
dew points considered as the variability in sweep fl ow rate increases to 20%. The dry gas 
recovery changes by less than 1%. 

 Figures  16.9  and  16.10  compare the effects of inner diameter and sweep variation on 
module performance. Like sweep variability, inner diameter variability is detrimental to 
performance  –  dry gas recovery and fl ow rate decrease as the variability increases. 
However, the effect of inner diameter variability is signifi cantly larger. The dry gas fl ow 
rate decreases by a factor of two with 20% inner diameter variation for the lower dry gas 
dew points. Changes in dry gas recovery are smaller and do not exceed 5% at the lowest 
dew points considered.   
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     Figure 16.7     Effect of sweep variation on dry gas fl ow rate as a function of dew point: 
solid  –  sweep variation   =   0, short dash  –  sweep variation   =   0.1, long dash  –  sweep 
variation   =   0.2  
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     Figure 16.8     Effect of sweep variation on dry gas recovery as a function of dew point: 
solid  –  sweep variation   =   0, short dash  –  sweep variation   =   0.1, long dash  –  sweep 
variation   =   0.2  
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     Figure 16.9     Effect of sweep and fi bre inner diameter variation on dry gas fl ow rate as a 
function of dew point: solid  –  no variation, short dash  –  sweep variation   =   0.2, long dash 
 –  inner diameter variation   =   0.2  
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 The effect of sweep variability in air dehydration is comparable to that observed previ-
ously for fi bre variability in nitrogen production from air  [30,31] . Signifi cant changes in 
module performance are found only for inner diameter variability.  

   16.3.3    Effect of Sweep Distribution 

 Explicit sweep distribution calculations were performed for three different confi gurations 
as illustrated in Figure  16.11 . The sweep is introduced either (1) on the periphery of the 
fi bre bundle adjacent to the tube sheet, (2) on the periphery offset partially from the tube 
sheet, or (3) internally from within fi bre bundle.   
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     Figure 16.10     Effect of sweep and fi bre inner diameter variation on dry gas recovery as a 
function of dew point: solid  –  no variation, short dash  –  sweep variation   =   0.2, long dash 
 –  inner diameter variation   =   0.2  
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     Figure 16.11     Three different sweep confi gurations used in explicit sweep distribution 
calculations to determine module performance. The arrows indicate the macroscopic fl ow 
direction. The thick solid lines indicate the location of the inlet and outlet  
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     Figure 16.12     Effect of sweep confi guration on dry gas fl ow rate as a function of dew 
point: diamond  –  internal, circle  –  shell, triangle  –  offset. The solid line corresponds to 
uniform sweep distribution. Note the diamond and circle symbols overlap  

 Figures  16.12  and  16.13  illustrate the performance predictions for the different confi gu-
rations. The locations of the inlet and outlet regions for the sweep have little effect on 
performance. Dry gas fl ow rate and recovery decrease by less than 5% over the dew point 
range considered. The change in performance increases as dew point increases. Such 
results are consistent with the results obtained assuming a Gaussian distribution of the 
sweep around each fi bre  –  variations in sweep fl ow rate do not signifi cantly affect module 
performance.   

 The simulation results provide detailed concentration profi les within the module. Figure 
 16.14  illustrates a typical radial concentration profi le for a module cross - section along 
the tube sheet at the retentate outlet (i.e. the dry gas product end). Clearly radial variations 
in concentration exist. The shell concentration increases by 600% from the periphery of 
the fi bre bundle to the centreline while the lumen concentration increases by 60%. The 
difference in lumen and shell concentrations decreases by 400%.   

 Surprisingly, the large variations in concentration that exist do not impact overall 
module performance. The mixing cup average concentrations calculated from the con-
centration and velocity fi elds are nearly identical to the concentrations calculated assum-
ing uniform sweep distribution and no radial variation in the concentration or velocity 
fi elds. This fortuitous result implies the inlet and outlet locations for the sweep are not a 
critical design variable.  

   16.3.4    Effect of Fibre Packing Variation Along Case 

 The literature indicates that large variations in packing of spheres  [34]  or fabrics  [35]  can 
occur at the boundary between the packing and a solid case enclosing the packing. At the 
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     Figure 16.14     Variation in water concentration in the radial direction along the retentate 
outlet (i.e. the dry gas product end): solid  –  lumen and short dash  –  shell. The results are 
for operating conditions that give a dry gas dew point of  − 30    ° F  
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     Figure 16.13     Effect of sweep confi guration on dry gas recovery as a function of dew 
point: diamond  –  internal, circle  –  shell, triangle  –  offset. The solid line corresponds to 
uniform sweep distribution. Note the diamond and circle symbols overlap  
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     Figure 16.15     Effect of variable fi bre packing near the module case on dry gas fl ow rate 
as a function of dew point. The symbols correspond to different values of   α  : diamond  –  0, 
square  –  200, triangle  –  400, circle  –  600. The upper solid line corresponds to uniform 
sweep distribution. The lower solid line is provided as a guide for the reader  

packing/case interface, the packing fraction can decrease (i.e. the void volume increase) 
relative to the bulk packing. Increased void volume will lead to signifi cant increases in 
hydraulic permeability and preferential fl ow at the packing/case interface. Such preferen-
tial fl ow is referred to as race tracking since fl uid fl ows are much higher than the super-
fi cial fl ow within the packing and can impact heat and mass transfer  [36,37] . 

 The observation of large shell concentration gradients at the periphery of the fi bre 
bundle suggests race tracking phenomena may have a signifi cant impact on module per-
formance. To test this hypothesis, the hydraulic permeability for the shell side fl ow was 
assumed to have the following dependence on the radial coordinate:

    k k r= ( )0 exp α     (16.18)  

where  k  0  is the hydraulic permeability of the fi bre bundle and   α   characterizes the extent 
and magnitude of the variation  –  as   α   increases the extent and magnitude increase. 
Equation  (16.18)  introduces an exponentially increasing hydraulic permeability with  r . 
The maximum value occurs at the bundle/case boundary which will lead to race tracking 
for suffi ciently large   α  . 

 Figures  16.15  and  16.16  illustrate the effect of the variable hydraulic permeability on 
module performance. For a fi xed dew point, dry gas fl ow rate and recovery decrease as 
  α   increases. The fl ow rate decreases by up to 50% for the largest value of   α   but recovery 
decreases by less than 10%.   

 Reduced fi bre packing at the bundle/case boundary is detrimental to performance. 
However, characterization of fi bre packing in actual modules is required to determine the 
appropriate value for   α   and the impact of race tracking on performance.   
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   16.4    Conclusion 

 An analysis of sweep uniformity on the performance of hollow fi bre gas dehydration 
modules is presented. The analysis is based on the governing conservation of mass 
and momentum equations and appropriate expressions for the overall mass transfer 
coeffi cient. 

 In all cases, for a given product dew point, the dry gas fl ow rate increases as the frac-
tion of the product used as permeate sweep increases. However, the dry gas recovery (the 
fraction of the wet feed recovered as product) simultaneously decreases. The optimal 
sweep fraction will depend on the trade - off between increased productivity and fractional 
loss of the dry, high pressure product. 

 The effect of non - uniform sweep distribution is examined by: (1) assuming a Gaussian 
variation in the sweep fl ow around each fi bre and (2) explicitly calculating the sweep 
distribution within the bundle for specifi ed sweep inlet and outlet locations. In both cases, 
non - uniform sweep fl ows has little effect on module performance. The explicit sweep 
distribution calculations indicate large radial concentration gradients are present in the 
module. Surprisingly, these concentration gradients are not detrimental to performance. 

 If fi bre packing is allowed to decrease at the interface between the fi bre bundle and the 
enclosing case, preferential fl ow will occur along the interface relative to the centre of 
the bundle. Such fl ow is detrimental to performance for suffi ciently large variation in 
hydraulic permeability. To determine the magnitude of this effect in commercial modules, 
fi bre packing variations need to be characterized. 

0.78

0.8

0.82

0.84

0.86

0.88

0.9

0.92

-40 -30 -20 -10 0 10 20 30 40

Dew Point (°F, 1 atm)

D
ry

 G
a
s
 R

e
c
o

v
e
ry

     Figure 16.16     Effect of variable fi bre packing near the module case on dry gas recovery as 
a function of dew point. The symbols correspond to different values of   α  : diamond  –  0, 
square  –  200, triangle  –  400, circle  –  600. The upper solid line corresponds to uniform 
sweep distribution. The lower solid lines are provided as guides for the reader  
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 We believe the analysis presented here will be useful in evaluating alternative methods 
for introducing sweep in membrane modules for both gas and liquid separations. Although 
uniform sweep distribution appears not to be critical for air dehydration, other applications 
may be more sensitive.  

  List of Symbols 

    A       active membrane area  
  D       diffusivity  
  D  h       hydraulic diameter  
  f       fl ow rate  
  g       distribution function  
  J       permeation fl ux  
  k       mass transfer coeffi cient  
  K       porous medium hydraulic permeability  
  L       module or stage length  
  n       number of gas components  
  N       number of stages  
  N  f       number of fi bres  
  p       pressure  
  P       permeate fl ow rate  
  Q       gas permeance  
  r       radius  
  R        retentate fl ow rate  
  R  g       ideal gas constant  
  Re       Reynolds number, (2 r ) v ρ  /  η    
  Sc       Schmidt number,   η  /(  ρ D )  
  Sh       Sherwood number,  kL / D   
  T       temperature  
  u       superfi cial velocity  
  v       bulk velocity  
  x       retentate mole fraction  
  y       permeate mole fraction  
  z       coordinate along fl ow direction    

  Greek Letters 

     η        gas viscosity  
   φ        sweep fl ow rate around a fi bre  
   ρ        gas density  
   σ        standard deviation of sweep distribution     

  Subscripts and Superscripts 

   h      high pressure  
  i       gas component number  
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 i      fi bre inner diameter  
  j       stage number  
 l      low pressure or lumen side  
 m      module  
 max      maximum value  
 min      minimum value  
 o      fi bre outer diameter  
 s      shell side      
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for ideal, non-ideal Fickian systems 
173

for nitrogen and oxygen in air 177
for pure gases 176

diffusion equation, for two-component 
gas mixture 164–66

diffusivity 87, 137–38, 260
diglycolamine (DGA) 318
diisopropylamine (DIPA) 318
4,4′-dinitrostilbene 70

isomerization volume 66
van der Waals structures in the cis and 

trans isomeric forms 66
Disperse orange 3 70

isomerization volume 65
photo-induced trans-cis isomerization 

of 62
total volume required for the 

isomerization of 62, 62
van der Waals structures in the cis and 

trans isomeric forms 65

Disperse orange 25 70
isomerization volume 66
van der Waals structures in the cis and 

trans isomeric forms 66
Disperse red 1 70

isomerization volume 66
van der Waals structures in the cis and 

trans isomeric forms 66
downstream permeation curve 168, 167
drift coeffi cients 174, 173–74
dry gas recovery 342, 342, 343, 344, 345, 

346, 348, 350, 350
DSC 243, 275

thermal behaviour studies by 261
thermograms 242, 243, 262, 265, 270

DSDA 5
DSDA-TAPA, gas permeability 

coeffi cients and selectivity of 20
dynamic free volume 236

economic indicators 300
electrochromic probing 61
enhanced oil recovery 293, 316, 330
environmental indicators 300
ethylcellulose, diffusion coeffi cients 176
ethylcellulose, fl at 165, 175

diffusion coeffi cients for ideal and 
non-ideal Fickian systems 173

diffusion coeffi cients for pure gases 
176

mass transport coeffi cients 171
ethylcellulose magnetic membranes 166

drift coeffi cients 174
ethylcellulose membranes 165

air enrichment data 172
diffusion coeffi cients for ideal and 

non-ideal Fickian systems 173
diffusion coeffi cients for nitrogen and 

oxygen in air 177
diffusion coeffi cients for pure gases 

176
fl ux vs. membrane side for 178
mass transport coeffi cients 171

ethylene off-gas 306
ethylene oxide 256, 257, 300
ethylene production 307
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explicit sweet distributions simulations 
341

facilitated transport membrane 257
FCC off-gas 306
6FDA 10, 11, 145, 145
6FDA-6FpDA/DABA, gas permeability 

coeffi cients and selectivity 14
6FDA-based polyimide–silica hybrid 

membranes, ideal CO2/CH4 
selectivity plotted against CO2 
permeability coeffi cient 144, 
144

6FDA-DABA, gas permeability 
coeffi cients and selectivity 14

6FDA-mPD/DABA, gas permeability 
coeffi cients and selectivity 14

6FDA-mPD, gas permeability coeffi cients 
and selectivity 14

6FDA-TAPA
gas permeability coeffi cients and 

selectivity 20
with terephthaldehyde (TPA) 17

6FDA-TAPOB 143, 155, 156
diffusion coeffi cients and diffusivity 

selectivity 153
gas permeability coeffi cients and 

selectivity 20
permeability coeffi cients and ideal 

selectivity 152
physical properties 149
solubility coeffi cients and solubility 

selectivity 154
6FDA-TAPOB–silica hybrid membranes

CO2 permeability, diffusion and 
solubility coeffi cients of 155

FT-IR spectra 147, 148
glass transition temperature and 

weight-loss temperature plotted 
against silica content 150, 150

6FDA-TeMPD 8
gas permeability coeffi cients and 

selectivity 15, 16
6FDA-TeMPD-BEI, effects of UV 

irradiation on 17, 21
6FDA-TMPD/DABA 8, 13

6FDA-TMPD, gas permeability 
coeffi cients and selectivity 18

6FDA-TMPDA 222
time dependent effect on addition of 

hexane on the permeability of CO2 
in 224

FFV see fractional free volume
fi bre inner diameter

effect on dry gas fl ow rate 345
effect on dry gas recovery 346
effect of sweep and variation of 

344–46
fi bre packing variations 347–49, 350
fi bre properties and operating conditions 

341
Fick’s equation 163
Fick’s law 161
fl at sheet membranes 314
Flory–Huggins equation 229
Flory–Huggins regular solution theory 

204
4,4′-(9-fl uorenylidene) dianiline (FDA) 

11
fl uorinated polymers 59
fl ux 86, 324
fractional free volume (FFV) 79, 126, 

131, 147
free volume 29, 50–55, 60, 71–72, 126

analysis 68–71
analysis of Hyfl on AD80X 72, 73
correlation of transport and 79–80
defi nition 60
determination of size 53
element sizes 54–55, 55
estimation of 51
measurement of 61
probing methods 60–61

free volume distribution 69–71
freeze drying 314

gas adsorption 31–33
gas concentration 89
gas dehydration module performance, 

effect of sweep uniformity on 
333–53

gas diffusivity 130–32
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gas mixtures, separation of 160
gas molecules, interactions between pore 

wall and 95
gas permeation 33–35

through non-porous polymeric 
membranes 203

gas separation 159
applications 300–309
compaction in 322–23
with a constant concentration gradient 

across membrane 86, 86
current applications of membranes in 

287, 288–89
within cylindrical shaped pores 97, 97
glassy perfl uorolymer–zeolite hybrid 

membranes for 113–24
materials and membranes employed in 

282–85
membrane applications in 286–300
modelling in porous membranes 

85–109
predictions 102–5

gas solubility coeffi cients 116
gas solubility, modelling into mixed 

matrix glassy membranes 128–30
gas sorption measurements 260
gases

critical temperature 203
kinetic diameter 203
solubility within rubbery polymeric 

membranes 205
gasoline vapour recovery 299–300
Gaussian distribution of sweep 336–38
glassy membranes

gas concentration 208
sorption theory 207–10

glassy perfl uorolymer–zeolite hybrid 
membranes 113–24

glassy polymers
determination of size of free volume 

elements in 53
diffusive jump 93
gas permeation properties 33
plasticization of 209
pores 91, 92

global warming 227, 255

global warming potential 185
glycerol 314
glycol dehydrators 320
greenhouse gas emissions 186
greenhouse gases 185, 255
Grissik processing plant 228

[H2NC3H6mim][Tf2N], membrane 
performance of 192

Hansen’s Parameters 319, 319
HBPI--silica hybrid membranes see 

hyperbranched polyimidesilica 
hybrid membranes

Henry’s law 87, 89
hexane

critical temperature 203
effect on addition to a mixture of 

methane and carbon dioxide 
223

time dependent effect on addition on 
the permeability of CO2 in 
6FDA-TMPDA 224

HFCs 185, 186
hollow-fi bre modules 284, 285, 285, 

333
co-current fl ow 333
counter-current fl ow 333–34
cross-fl ow 333
development at Cynara 285, 286

homo-poly(ethylene oxide) (PEO) 256
Horvath–Kawazoe equation 32
HQDPA-TFAPOB, gas permeability 

coeffi cients and selectivity of 20
hybrid membranes 113
hydraulic permeability, effect on module 

performance 349
hydrocarbons 222–24
hydrofl uorocarbons (HFCs) 185, 186
hydrogen

kinetic diameter and critical 
temperature 203

from off-gas from catalytic reforming 
305

product purity 305
hydrogen chloride gas, kinetic diameter 

and critical temperature 203
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hydrogen recovery 287–90
from ammonia purge streams 287–88, 

290
in refi neries 287, 290
from refi nery off-gas 308, 308
syngas ratio adjustment 287, 289–90

hydrogen separation 283
operating fl exibility 301–2
in refi neries 301–9
reliability 302–3
turndown 302

hydrogen sulfi de (H2S) 197, 212–16
competitive sorption into polysulfone 

and Matrimid 5218 213–16
kinetic diameter and critical 

temperature 203
permeability within polymeric 

membranes and selectivity relative 
to CO2 212, 212

hydroprocessor purge gases 306
Hyfl on® AD 59–83

free volume analysis 68–71
membrane preparation procedure 

64–68
membrane properties 67–68
molecular dynamics simulations 

71–72
photochromic probe method 61–64
transport properties 73–79

Hyfl on® AD60X 60, 64, 114
absorption spectrum before and after 

isomerization 69, 69
FVE distribution curve 70
FVE size distribution 80
properties 115
and silicalite-1 121, 121
size of free volume elements 71

Hyfl on® AD80X 60, 64
free volume analysis 72, 73
FVE distribution curve 70
FVE size distribution 80
methanol vapour permeation curve 78
permeation curves of dichloromethane 

and methanol vapour in membranes 
of 75

size of free volume elements 71

transport properties of dichloromethane 
and methanol vapour in 76

hyperbranched polyimide–silica hybrid 
membranes

coeffi cients of thermal expansion 
150–51

diffusion coeffi cients and diffusivity 
selectivity 153

formation 145–46, 146
gas transport properties 151, 157
ideal CO2/CH4 selectivity plotted 

against CO2 permeability coeffi cient 
156

ideal O2/N2 selectivity plotted against 
O2 permeability coeffi cient 155

measurements 146–47
O2/N2 and CO2/CH4 selectivities of 

151–56
permeability coeffi cients and ideal 

selectivity 152
physical properties 149, 157
solubility coeffi cients and solubility 

selectivity 154
thermal properties 150
thermal stabilities 157

hyperbranched polyimides
characterization 143
density of 147
effects of UV irradiation on selectivity 

and permeability 21, 22
features of 5–6
gas permeability coeffi cients and 

selectivity of 20
gas permeation properties 17–21
synthesis of 9–13, 143

hyperbranched polymers 6, 7
properties 4
synthesis of 4

ideal gas selectivity 151, 260
ideal separation factor 87
ideal sweep distribution, module 

performance with 341–44
industrial processes, composition of minor 

components in 202
infi nite dilution diffusion coeffi cient 138
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inorganic membranes 283–84
integrated gasifi cation combined cycle 

(IGCC) power generation 187, 187
internal sweep design 334
inverse gas chromatography 61
ion transport membranes 284
ionic liquid membranes for carbon 

dioxide separation 185–99
discussion 194–97
experimental details 189
results 189–94

ionic liquids, and carbon dioxide 
separation 188–89

iron blast furnace, minor components 202

kinetic diameter 77, 95, 98, 100, 120, 
120, 203, 203, 211, 212, 217, 291

Knudsen diffusion 88, 89–90
minimum pore size for 101
permeability for 103

Knudsen number 89

ladder polymers 30
landfi ll gas 316, 317
Langmuir affi nity constants 209, 210
Le Chatelier’s principle 187
Lennard-Jones constants 99
linear polyimides, selectivity and 

permeability 21, 22
LTA zeolite membranes 284

magnetic membranes 160
mass transport coeffi cients 171
mass transport, in dense polymer 

membranes 64
Matrimid 207, 320

chemical structure 321
Matrimid 5218 17

CO2 permeability 216, 220, 221
gas permeability coeffi cients and 

selectivity 15, 20
H2S competitive sorption into 

polysulfone and 213–16
water competitive sorption into 

polysulfone and 220–22
Matrimide-H40 17

Maxwell equation 241
Maxwell model 126, 242
membrane engineering 281–312
membrane gas separation, progress and 

potentialities 281–312
membrane modules 284–85
membranes

applications in gas separation 286–300
for CO2 removal 228
comparison of project parameters 304
current applications in gas separation 

287, 288–89
feed and product conditions 305
porous structures 90
selectivity 126
strategies for reduced size of large-

scale 327–29
mercury, critical temperature 203
metal membranes 283
methane 186

kinetic diameter and critical 
temperature 203

methanol
solubility coeffi cients 80
van der Waals volume and diffusion 

coeffi cient of clusters of 79, 79–80
vapour permeation 80
vapour transport 77

N-methyl pyrrolidone (NMP) 259
methylalumoxane (MAO) 45
methyldiethanolamine 318
methyltrimethoxysilane see MTMS 

(methyltrimethoxysilane)
MFI_80 116, 117, 117
MFI_350 116, 117, 117
MFI_1500 117, 117, 117
MFI_dC5 117, 117, 117
microporous glass 91
microporous material 29
microporous membranes, model of fl ux 

components through 97–98, 98
microporous silica, diffusive jump in 93
mixed-matrix glassy membranes

modelling gas diffusivity and 
permeability in 130–32, 132

modelling gas solubility into 128–30
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mixed-matrix membranes (MMMs) 113, 
114, 125, 144, 159, 283

modelling
of gas molecules through pores 106
gas separation in porous membranes 

85–109
modules

performance with ideal sweep 
distribution 341–44

properties and operating conditions 
341

variety of designs 328, 329
molar absorption coeffi cients 68
molecular dynamics simulations 

71–72
molecular masses, of gases and pore 

atoms 99
molecular size, gas separation and 

differences in 159
monoethanolamine 318
monomers, self-polycondensation reaction 

of AB2-type 4
MTMS (methyltrimethoxysilane) 145, 

145, 152, 153, 154, 157
FT-IR spectra 148, 148
physical properties 149

nanocomposite membranes see mixed-
matrix membranes (MMMs)

National Energy Technology Laboratory 
(NETL) 188

natural gas
acid gas removal technologies 316
carbon dioxide removal from 202, 

292, 313
countries with gas reserves 315, 316
dehydration plant 294
hydrocarbon vapour removal 293
nitrogen separation 294–95, 295
Prism® membrane process fl ow 

schematics 294
sources 315–16
UOP membrane plants using cellulose 

acetate membranes for CO2 
separation 294

water removal 293

natural gas sweetening 202, 292, 
313

natural gas treatment 292–95
contaminants and membrane 

performance 319–20
market 315–18
with membrane systems 313–32
research directions 329–30

natural gas treatment skid 314, 315
NELF model 127–28

parameters for n-butane and n-pentane 
in AF 2400 136

networks, defi nition 3
nitric oxide 212

kinetic diameter and critical 
temperature 203

nitric oxides 202, 212
nitrogen

adsorption 32, 33
kinetic diameter and critical 

temperature 203
permeability in PDMS under mixed 

gas conditions with and without H2S 
present 213, 215

permeability through polysulfone 213, 
217

separation 291
nitrogen dioxide 212

critical temperature 203
4-(4-nitrophenylazo)aniline (4-amino-4′-

nitro-azobenzene) see Disperse 
orange 3

nitrous oxide 186
non-cryogenic air enrichment 159
norbornene 43

polymerization of 43, 44
nylon-supported [hmim][Tf2N], membrane 

performance of 191
n-octane 314

ODPA (4,4′-oxidiphthalic anhydride) 
145, 145

ODPA-BAPP, gas permeability 
coeffi cients and selectivity 18

ODPA/TAP/ODA, gas permeability 
coeffi cients and selectivity 20
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ODPA-TAPOB 155, 156
diffusion coeffi cients and diffusivity 

selectivity 153
permeability coeffi cients and ideal 

selectivity 152
physical properties 149
solubility coeffi cients and solubility 

selectivity 154
OPW Vaporsaver™ system 300
organic–inorganic hybrids see 

mixed-matrix membranes 
(MMMs)

ortho-positronium lifetime 236
ortho-positronium particles 61
oxy-fuel combustion 202, 295
oxygen, kinetic diameter and critical 

temperature 203
oxygen/nitrogen selectivity of polymeric 

membranes 291
oxygen separation 291, 291

P84 (BTDA-TDI/MDI) 17
gas permeability coeffi cients and 

selectivity of 20
PAMAM (polyamidamine) 8, 16, 17
parallel transport 94, 94, 103
PBT (poly(butylene terephthalate)) 229, 

242, 243, 244, 283
blocks in copolymer 

4000PEO55PBT45, DSC 
thermograms for 244

PDMS see polydimethylsiloxane 
(PDMS)

Pebax® 229, 230, 230, 231, 258
density and fractional free volume 

change from addition of PEG into 
235, 235

gas permeability measurements 
259–60

general features 257
morphology of 244, 245
physical and gas transport properties 

231
Pebax® 1041 269
Pebax® 1074, sorption isotherms for CO2 

and N2 264

Pebax® 1657 257, 266, 269–73
best conditions for surface modifi cation 

by H2/N2 plasma 274
CO2 and N2 permeability diffusion and 

sorption coeffi cients 270
modifi ed by cold plasma 273–75
optical microscopy image of 267
sorption isotherms for CO2 and N2 

264
surface morphology 267, 274, 274

Pebax® 1657/PEG300 blends, optical 
microscopy image of 272

Pebax®-based membranes 255–77
AFM surface imaging 261
CO2 and N2 permeability, diffusion and 

sorption coeffi cients 263
CO2 permeability and CO2/N2 ideal 

selectivity coeffi cients 271
CO2 permeability coeffi cients 268
CO2 permeability in PA phase 268
CO2 permeability in PE phase 268
CO2 sorption and permeation of 

261–69
DSC thermograms 265
experimental details 258–61
gas sorption measurements 260
glass transition temperatures and 

melting temperatures 266, 272
N2 sorption and permeation in 261–69
Robeson’s plot of 273
surface modifi cation by cold plasma 

261
thermal behaviour studies by DSC 261

Pebax®-PEG blend membranes 257, 270
CO2/CH4 selectivity 247
CO2 diffusivity as a function of 1/FFV 

in 237
experimental and estimated values of 

permeability in 242
PEG (polyethylene glycol) 204, 234–35, 

256, 258, 259, 269
PEG300-Pebax®1657 blend membranes, 

CO2 permeability and CO2/N2 ideal 
selectivity coeffi cient 271

PEGEPI blend membranes 259
PEO (homo-poly(ethylene oxide)) 229
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PEO blocks in copolymer 
4000PEO55PBT45, DSC 
thermograms for 244

PEO-PBT copolymers 249
CO2 permeability 232, 232
structure of 230, 230
thermal gravimetric analyses 234, 234
thermal properties 233, 233

permeability 138–39, 286
as a function of temperature 103, 103
modelling in mixed matrix glassy 

membranes 130–32
prediction of 102, 102

permeability coeffi cients 79, 87, 147
permeation curves

early-time 169
late-time 170

permeation measurements 73, 147
permeation rate (fl ux) 86
permeation tests 325
permselectivity 113
pervaporation plants 284
PFCs (perfl uorocarbons) 185, 186
4-(2-phenylethynyl)phthalic anhydride 

(PEPA) 11
photochromic probe method 61, 62–64, 

80
photoisomerization 68
PIM-1 29–42

activation energies of permeation for 
water-free 37

dependence of oxygen permeability 
and nitrogen permeability on time 
for 37

dependence of solubility coeffi cient on 
critical temperature of the solute 
38, 38

diffusion coeffi cient and solubility 
coeffi cient for various states of 37

distribution of pore size 32, 33
effects of membrane preparation 

protocol on the permeability of 34
enthalpies of sorption and partial molar 

enthalpies and entropies for 38, 39
gas adsorption 31–33
gas permeation 33–35

hysteresis 32
inverse gas chromatography 35–39
lifetimes and radii of free volume 

elements in various states 40, 40
molecular model 31
nitrogen adsorption and desorption 

isotherms for 31
permeability coeffi cients 35
permeability reduction over time 35
pore size distribution 33
positron annihilation lifetime 

spectroscopy (PALS) 39–40
preparation of 30, 31
selectivity and permeability for the gas 

pairs O2/N2, CO2/CH4, CO2/N2 36
temperature dependence of 

permeability of membranes of 35
plasma technique 258
plasticization 209, 211, 212, 213–15, 

321
plasticizers in polymers 229
PMDA (pyromellitic dianhydride) 145, 

145
PMDA/BTDA-3MPDA, gas permeability 

coeffi cients and selectivity of 19
PMDA-TAPOB 155, 156

diffusion coeffi cients and diffusivity 
selectivity 153

permeability coeffi cients and ideal 
selectivity 152

physical properties 149
solubility coeffi cients and solubility 

selectivity 154
PMP 137, 288

permeability coeffi cients 47
poly(1-trimethylsilyl-1-propyne) (PTMSP) 

38, 38, 47, 51, 51, 55
poly(2,6-dimethyl-1,4-phenylene oxide) 

(PPO) magnetic membranes 175
mass transport coeffi cients 179

Polyactive® 229, 231, 237
morphology of 244, 245
physical and gas transport properties 

231
polyamic acid 9, 10
polyamidamine (PAMAM) 8, 16, 17
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poly(amide-b-ethylene oxide) see Pebax®

polyamide blocks, chemical structure 259
polydimethylsiloxane (PDMS) 204

H2S competitive sorption into 213–14
permeability of CO2 upon exposure to 

wet mixed gas at different water 
partial pressures 219

permeability of N2 upon exposure to 
wet mixed gas at different water 
partial pressures 219

water competitive sorption into 219
polyether blocks, chemical structure 259
polyethylene glycol (PEG) 204, 234–45, 

256, 258, 259, 269
poly(ethylene oxide-co-epichlorhydrine) 

(PEGEPI) 258, 269
chemical structure 259

poly(ethylene oxide)-poly(butylene 
terephthalate) (PEO-PBT) see 
PEO-PBT copolymers

polyethylene plants, recovery of 
hydrocarbon monomers 298

polyimide membranes 228, 320–22
α(CO2/CH4) and P(CO2) relationship in 

23
αCO2/N2) and P(CO2) relationship in 

21, 22
αO2/N2) and P(O2) relationship in 22
conditions and performance of 321, 

321
molecular designs 6–7
plasticization 321
selectivity and permeability 21
synthesis and gas permeability of 

hyperbranched and cross-linked 
3–27

see also cross-linked polyimide 
membranes; hyperbranched 
polyimides

polyimide–silica hybrid membranes, 
physical and gas transport properties 
of hyperbranched 143–58

polyimides
acryl-terminated telechelic 11
etherifi cation reaction of 8
linear aromatic 4

uses of 4
vinyl- and acryl-terminated telechelic 

11
polymer blending 256
polymer membranes 283

for carbon capture 201–26
mass transport in dense 64
molecular designs 6–7
plasticization behaviour of 6
plasticization of 209
porous structures 91
research work on 256

polymer of intrinsic microporosity see 
PIM-1

polymeric dense membranes 296
polymeric magnetic membranes

air enrichment by 159–81
comparison of measured and calculated 

air enrichment data for various 
membranes 172

concentration profi les for steady state 
of Smoluchowski equation for 
different values of the drift 
coeffi cient 163, 163

dependence of the fl ux vs. membrane 
side A, B for various membranes 
178

diffusion coeffi cients for nitrogen and 
oxygen in air 177

downstream permeation curves 172
experimental setup 166
permeation data 170–72
preparation of 166
schematic of membrane with boundary 

conditions and direction of fl ow 
161

time lag method and D1-D8 system 
167–71

polymeric membranes, plasticization of 
211

polymers
applications of 228
fl uorinated 59
free volume 60–61
hyper-branched 4, 6, 7
plasticization of 7
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poly(methylmethacrylate) (PMMA) 63
polynorbornene

effects of introduction of Si(CH3) 
groups in various main chains 44

fractional free volume and X-ray 
scattering data of addition-type 52

structure of 44
study of 43–57
see also PTMSN

poly(p-phenyleneterephthalamide) 
(PPTA) 258

polyphenylene, hyperbranched 4
polypropylene plants 299

recovery of hydrocarbon monomers 
298

polypropyleneimide 8
polystyrene, local free volume 63
polysulfone 207

CH4 permeability 221
CO2 permeability 216, 220, 221
water competitive sorption into 220–22

poly(trimethylsilylnorbornene) (PTMSN) 
55–56

Arrhenius dependence of permeability 
coeffi cients in 48

correlation of ΔHm vs Vc 54, 54
correlation of S vs critical temperature 

of solutes 51
effects of ageing on 47
effects of pressure on the permeability 

coeffi cients of 49, 49
free volume elements 55
gas permeability 45–50
PALS data for 52, 52–53
parameters of the Arrhenius 

dependence of permeability in 49
permeability coeffi cients 46, 47
permeability, diffusion and solubility 

coeffi cients of gases in 51
permselectivity or separation factors 

46, 46
physical properties 45, 46
solubility coeffi cients (S) in 50
synthesis of 45
temperature dependence of 

permeability coeffi cients of 48, 48

temperature dependence of the PALS 
parameters in 53, 53

time dependence of the permeability 
coeffi cients 48

poly(trimethylsilylpropyne) membrane, 
CF4 plasma treatment 258

see also PTMSP
polyvinyl chloride plants, membrane 

recovery of vinyl chloride monomer 
in 299

poly(vinylacetate) 63
poly(vinyltrimethylsilane), permeability 

coeffi cients 34
see also PVTMS

pore size distribution 99–101, 105
porous membranes, modelling gas 

separation in 85–109
positron annihilation lifetime spectroscopy 

(PALS) 39–40, 52, 61, 234, 236
post-combustion capture 201, 202, 296

minor components 202
potential energy 95, 96
potential energy difference 99, 100
power generation systems 186
PPO magnetic membranes 175, 179
pre-combustion capture 201, 202, 295

minor components 202
pressure 133
pressure swing adsorption (PSA) 301, 

302, 307
by-product value 303
comparison of project parameters 304
expansion 303
feed and product conditions 305
fl ow rates economy 304
reliability 303
selection guidelines 306

probe molecule structures
isomerization volume 65–66
and spectrophotometric analysis 

68–69
van der Waals structures in the cis and 

trans isomeric forms 65–66
process intensifi cation 281
propane (C3H8), kinetic diameter and 

critical temperature 203
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PTMSN see poly(trimethylsilyl-
norbornene) (PTMSN)

PTMSP 38, 38
correlation of S vs critical temperature 

of solutes 51
free volume elements 55
permeability coeffi cients 47
permeability, diffusion and solubility 

coeffi cients of gases in 51
pulverized coal combustion (PCC) 

technology 186
pure gas permeability 116
pure gas transport properties 116
PVTMS

correlation of ΔHm vs. Vc 54
sizes of free volume elements 55

quaternary system, sorption theory 
206–7

race tracking 349
ratio indicators 300
recycle confi gurations 334
refi neries, hydrogen separation in 301–9
resistance, in series transport model 94, 

95
reverse osmosis membranes 314
ring opening metathesis polymerization 

(ROMP) 43
Robeson’s plots 286, 287
rubbery polymers 236, 282

pores 91, 92
solubility of a gas within 205
sorption theory 204–7

selectivity 87, 126, 138–39, 286
self-polycondensation reactions 9
separation factor 116, 324
separation of gas mixtures

molecular size differences 160
solution-diffusion properties 160

series transport model, resistance in 94, 
95

SF6 186
silica 91, 157

molecular structure of non-porous 
fumed 133

Silicalite-1 114, 117, 117
preparation of 115
solubility of N2, CH4 and CO2 in 119

silicone rubber 204
slit-shaped pores, barrier-free transport 

and Knudsen diffusion 101
Smoluchowski equation 162–63
SO3, critical temperature 203
social indicators 300
solubility, of a gas within rubbery 

polymeric membrane 205
solubility coeffi cients 80, 87
solubility isotherms 128, 134, 135
solubility map, using Hansen’s Parameters 

319
solubility parameters 319
solution-diffusion mechanism 87
solution-diffusion properties 159
solvent exchange 314
sorption 50
sorption coeffi cient 260
sorption theory

glassy membranes 207–10
for multiple gas components 204–10
rubbery polymeric membranes 204–7

spectrophotometric analysis, probes and 
68–69

spin probe method 61
spiral-wound modules 284, 285, 285, 328
steady state permeability 74–76
steel corrosion 313
stilbene 70

isomerization volume 65
van der Waals structures in the cis and 

trans isomeric forms 65
suction diffusion 99
suction energy 99
sulfur dioxide 211

CO2 mixtures, separation by liquid 
membranes 256

kinetic diameter and critical 
temperature 203

permeability within polymeric 
membranes and selectivity relative 
to CO2 211, 211

sulfur oxides 210–12
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supported ionic liquid membranes 189
supported liquid membranes 188
surface diffusion 88, 88–89, 103
surface diffusion coeffi cient 89
sweep 334

distribution within shells and effect on 
module performance 335

effect of 344–46
effect on dry gas fl ow rate 345, 347
effect on dry gas recovery 346, 348
explicit sweet distributions simulations 

338–39
Gaussian distribution of 336–38
introducing from retentate product into 

the shell of a hollow fi bre module 
334

shell and lumen boundary conditions 
for external sweep ports 339, 340

sweep confi gurations used in explicit 
sweep distribution calculations to 
determine module performance 
346

sweep distribution
effect of 346–47
non-uniform 350

sweep fractions 341
dry gas fl ow rate 341, 342
dry gas recovery 341, 342

sweep uniformity analysis 350
sweep uniformity, effect on gas 

dehydration module performance 
333–53

sweep variation
effect on dry gas fl ow rate 344, 344
effect on dry gas recovery 345

swelling coeffi cient 128
symbols 106–7, 178, 180, 351

TAPOB (1,3,5-tris(4-aminophenoxy) 
benzene) 5, 143, 145, 145

Tefl on® 59
Tefl on® AF 60

molecular structure of 133
Tefl on® AF1600 114, 119

correlation of ΔHm vs. Vc 54, 54
properties 115

pure gas transport data 120
sizes of free volume elements 55

Tefl on® AF1600/MFI 30% membrane
Maxwell model predictions 120
permeability to CO2 and CH4 120, 120

Tefl on® AF2400 114, 122, 132
average diffusivity of n-butane and 

n-pentane in 137, 137
n-C5/n-C4 selectivity 140
experimental solubility of n-butane and 

n-pentane in 135, 135
gas transport in 125
infi nite dilution diffusion coeffi cient of 

n-butane and n-pentane in 139
NELF model parameters for n-butane 

and n-pentane in 136
permeability coeffi cients 47
permeability of n-butane and n-pentane 

in 140
permeability vs. selectivity plot of 

122
properties 115
sizes of free volume elements 55
solubility isotherms for n-butane and 

n-pentane in 134, 135
vapor sorption and diffusion in 

125–42
telechelic polyimides 11
TEMPO (2,2,6,6-tetramethylpiperidine-1-

oxyl) 61
tertiary system, sorption theory 205–6
tetrafl uoroethylene (TFE) 114
tetramethoxysilane see TMOS 

(tetramethoxysilane)
2,3,5,6-tetramethyl-1,4-phenylene diamine 

(TeMPD) 11
thermal mechanical analysis (TMA) 

147
thermogravimetric–differential thermal 

analysis (TG-DTA) 147
time lag 74–76, 116, 167–71
TMOS (tetramethoxysilane) 144, 145, 

145, 150, 151, 152, 153, 154, 155, 
156, 157

FT-IR spectra 148, 148
physical properties 149
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TMOS/MTMS 147, 150, 151, 152, 153, 
154, 156, 157

FT-IR spectra 148, 148
physical properties 149

tortuosity factor 131
trans-cis isomerization 61, 62
transition models, for ordered pore 

networks 94–95
transition state theory (TST) 91–93, 

93
transport

correlation of free volume and 
79–80

determination of mode of 101–2
transport mechanisms 88

activated diffusion 88
Knudsen diffusion 88, 89–90
surface diffusion 88, 88–89

transport properties 116
of Hyfl on® 73–79

triethylene glycol (TEG) 320
turndown, of cryogenic systems 302

Ube Industries 291
ultrasonic time-domain refl ectometry 

322
universal force fi eld (UFF) values 

99
UV irradiation 13, 68

vacuum pump 335
van der Waals volume 51, 54, 79, 79, 80, 

130, 147
vapour activity 133
vapour/gas separation 298–300
vapour permeation measurements 73, 

76–79

vapour sorption 133–34
in mixed matrices based on AF 2400 

134–36
pressure decay apparatus for 133, 134

variable fi bre packing
effect on dry gas fl ow rate 349
effect on dry gas recovery 350

velocities, of gases/pore atoms 99
vinyl chloride 298, 299
vinyl-terminated telechelic polyimides 11
volatile organic compounds 282

water 217–22
competitive sorption into 

polydimethylsiloxane (PDMS) 219
competitive sorption into polysulfone 

and Matrimid 5218 220–22
kinetic diameter and critical 

temperature 203
permeability within polymeric 

membranes and selectivity relative 
to CO2 218

variation in concentration in the radial 
direction along the retentate outlet 
348

water gas shift 187
water/nitrogen selectivity

dry gas fl ow rate 342, 343
dry gas recovery 342, 343

well depth 95

129Xe-NMR spectroscopy 61

zeolites 29, 90, 91, 94, 125, 159, 284
glassy perfl uorolymer–zeolite hybrid 

membranes 113–24
ZSM-5 114
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