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Souhrn

Mnoho vRdecklch pracovigS se vRDnuje vivoji
Ni cm®nD v komer lpmagprtaxi empylmo nD&ktod mk typT po
separace plynT mohla soutRDgit S kl asi ckT mi

materi 8l ech s | epg? mi separ al n? mi vliastnost
novlch pol ymer n2tudin bymavdlen rpolyadilif (PANK,emnahostranny
pol ymer, jeng mTge podstatnhD mBDni't svoj e s

postupy. Samotny PANI vykazuje vysokow/R; selektivitu, a proto by mohl byt zajimavy
pro rTzn® aplikhkabacpaBa2napB8ukhadkgs!|l 2kem ne
dus2kov® at mosf ®ry. Membr 8ny z vichoz2ho PA?

PANI byl proto m2ch8n s polybenzimidazol em
pol ymer. Ze is&ihus nRRMNl /mPaBlert ak byl o mogn® pSi |
f-1lie. Tyto byly d8le modifikov8ny nRkol i ke
upraveny, pS2davkem titan8tovich nanotrubi c
materi 8§l ynleptotesmbsanl PANI/PBI, 2) smDsi pr
zpracovan® smDsi protonovan®ho i neprotonova

Ti NT membr 8ny se sm2genou matric?2.

Morfol ogie, mechhhemickk®d® avIfyzti kiEd miDmagechsp P
studovany. Propustnost membran pro plyny, &, N, CHs, a CQ byla stanovena
manometrickou metodou pomoci intdgiho permeametrua sorpce t Dchto
membranach byla stanovena gravimetricky. Vliv koncentrace PANI v PBI matlici, v
protonace, tepel n®ho zpracovs8§n?2 a koncentr a
plyny byly systematicky sledovany.

Vysledky ziskané v této praci ukazaly na vztah struktura memiwgmn membrany.
Modi fi kace membr 8n PABEpaedbenkehzVepgendsi ]
bNDhem t®to studie poskytly z8kl adn? pochope

slogen2 a modifikaln2 postup maj2 velkl vz
zl epgen?2 separalpovpi iTmpstov@oaphitleao® bude
vizkum, zamhRSenl na optimalizaci podm2nek |
struktury.

K1 2 | o v 8olyarilio, paybenzimidazol, titanatove nanotrubice, membrany, permeace
plynT, sorpce plynT



Summary

The implementation of polymer membranes in gas separation applications has been
investigated to a great extent. Nevertheless, @nfew types of polymers are used in
commercial applicatios) disclosing the need for new materials with superior membrane
performance to make membrane processes a more competitive technology over the
conventional ones. Based on this context, this workdeswn the development of new
polymeric membranes. Polyaniline (PANI), a multifaceted polymer that can change its
structural properties upon various modification procedures, was chosemdsanenaterial.

PANI membranes possess attractivéN2 selectivitieswhereforat is an interesting candidate

for the use in gas separation applications, such as generation of -@tyggred air or inert

gas generation. However, membranes made from neat PANI are sufferingriittenessand

thus create Bk paths through the membrane. Therefore PANI was blended with
polybenzimidazole (PBI), a temperature stable polymer with didmdforming properties
facilitating the preparation of thin, stable polymer films. Furthermore, several techniques were
investicated including aciddoping, thermal treatmenaind addition of titanate nanotubes
(TINTs) to enhance the separation properties

The materials that have been prepared ajeundoped PANI/PBI blend membranes,

2) doped PANI/PBI blend membranes, 3) thergpnaleated undoped and doped PANI/PBI
blend membranes, and 4) undoped PANI/FBNT mixed matrix membranes (MMMs).

Each material was characterized for its morphological, mechaam@physicachemical
properties. Furthermore, gas permeation and sorpteasurements were carried out on a
time-lag permeation apparatus and a gravimetric sorption balance for the gas&s Np,

CHs, and CQ in order to investigate the gas separatimhaviorand to find out which
membrane material possesses enhanced ayasptirt properties. The effect of the amount of
PANI inside the PBI matrix, acidoping, thermal treatment, an@iNT content was
systematically investigated in relation to the gas permeation performance of the membranes.
Furthermore, the membrane performance of each material was estimated with existing models
as a means of interpretation of the experimentalatatan ader to figure out which membrane
properties are good for a required membrane process.

The results acquired during this study provideduadamental understandingf the
structureproperty relationship and revealethat the composition and the modificatio
procedure is of great importance for the membrane separation properties. Further research to
optimize the membrane preparation conditions and to modify the membrane structure is needed
to improve the separation performance for industrial applications

Keywords:Polyaniline, polybenzimidazolatanate nanotubesmembranesgas permeation,
gas sorption
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1 Introduction

1.1 Motivation of the work

In the recent years, membrangesce and technology grew in popularity and became an
integral part of gas separation technolddjy. Compared to the other wedktablished gas
separation technologies such as absorption, adsorption, cryogenics, membrane gas separation
offers a number of advantages such as ease of operation, smaitifid®t simple design,
modular construction, easd process scatep, low investment and operating cof2s3].
Hence, it is widely applied in various fields such as food technology, petrochemistry,
pharmaceuticahdustry, and lotechnology4,5].

Even though membrane gas separation encorapasseral significant advantages, the
interest in membrane gas separation hasecop just in the early 198 with the development
of hightflux asymmetric membranes for hydrogeaparation byPermeal6]. Since then,
remarkable progress has been made in the development of membrane separation processes. As
a result, membrane technology has been proven to be economically viable and competes
nowadays witltthe conventional existing ong¢t]. Today 6 s mar ket i sl0esti mat
1.5billion/year[7] and it is anticipated that the market will grow in the upcoming \jé8%

For thedevelopmenof a new membrane process followiagpectshould be considered
[9,10]:

1 Material selection: The inherent material properties determine the membrane
performance and hence the economics of the membrane process. A suitable material
should possess a high productivtificiency am should be capablef altering its
membrane morphology.

1 Membrane fabrication and structure: The membrane structure is concerned with
the membrane fabrication method and consequently also the gas transport. Depending
on the morphology, which is determinbg the fabrication process, the gas transport
can be considerably different.

1 Module and system designThe technical satip isvery important as it has a huge
impact on the plant nmafacturing costs and the plant productivity. A properly
designed membran@module should be compact and should be configured with an
excellent separation surface ateavolume ratio for largescale applications.

The combination of thabovementionedfactorsis decisive in the successful implementation
of a membrane gas sepaoatiprocess aBigurel-1 discloses.
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Figure 1-1. Main aspect®f a succestul implementatiorof membrane gas separation applicat{@nl1]

As mentioned before and shownFigurel-1, a crucial aspect for laghing a new separation
processs the choice of material that meéte present and future performance requirements.
Various types of membranes used for gas separatishincluding inorganic, polymeric, and
organicinorganic membranef9,12]. Thus far, the majority of applications use polymer
membranes due toosteffectivenesq12i 15], feasibility of membrane module fabrication
[13,14], andease of preparatioji2,14] However studies on polymer membranes revealed
that various polymeric materials possess an inherent constraint between permeabdialand
selectivity, which is described via the upper bound relationsliggovered by Robesoiihe
soc a | lugpéer boundtradeo f f cwag obwided empirically by the comparison of
membrane separation data of various polymeric mateinakhe secalled Robeson plot
(Figure 1-2) [16] and serves nowadays asb@&nchmarkfor the material developmeft7].
Usually, polymer membranes are located on or below this upper Ha8hdHowever,
membranes with separation data above the Robeson upper bounilaaggeat practical
interest.
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Since the separation performance of neat polymer membranes is usually restectdaane
scientiss are looking for new membranaaterials with both high ideaelectivities and high
permeabilitied10,20] Hence,the recentwork focuses on thpreparation of new polymeric
membrane material#\n attractive polymer may be polyaniline (PANBANI excels at its
environmental stability, simple synthesis, outstanding thermal properties, and structural
features[21,22] Interest in PANI as a membranetarial has been developed through the
initial investigation byAndersonet al.[23] An d e r graup \Was the first thathowed that
PANI membranes have bettes/®, selectivities than most atherpolymer membranes at that
time. Moreover they showed, that the membrane mmbies of PANI can be easily modified
via acid doping due to the structural features of PANI wtidavorable for the preparation of
new materialsHowever, its estricted solubility in anygolvent makes thereparation of a
stable membrandifficult [24]. Hence, blending of PANI witpolybenzimidazole (PBlas
exploredfor creating membrarsavith good mechanicatrengthas PBI has a similar structure
to PANI, whereforeghey might be compatible

Based on this contexte present worlvasdirectedtowardsthe preparation of PANbased
membranesand enhanement ofits membraneseparation propertieby applying various
modification methods
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1.2 Scope and bjectives of thework

This PhD. thesis focuses on theasibility of PANI-basedmembranedor gas separain
applications. Thenajority of the work has been devoted to fystematicamodification of

the PANtbased membrane structurg various methodsaid-doping, thermal treatment, and
additionof nanoparticlesandto theinvestigaion of the impact of the different structures on

the gas separation performance. Apart from that, theoretical results of permeationhaoelels
beencompared with experimental data in order to gain a deeper fundamental understanding of
the stucturepropertyrelationship.

Following objectives were s@t the presented research
1 Objective 1: Fabrication oflefectfree, stable, thin PANbased flasheet membranes

1 Objective 2: Tailoring the properties of the PANased flat sheet membranes by
various modification procedures, e.g. admping, thermal treatment, aadditionof
nanoparticles.

1 Objective 3: Analyzing the morphological anghysicachemicalpropertiesof the
preparednembranes.

1 Objective 4: Studying the membrane sorption and permeation propertiels, @,
N2, CHs, and CQ.

1 Objective 5. Establishing a relationship between the membrane composition and their
sorption and transport properties

1 Objective 6 Investigatig the structurgropertyrelationships by applying existing
mathematical models.



2 Membrane Gas Separation

2.1 Introduction to membranes andmembraneprocesses

A membrane is a seliee barrier between two phasesich is able to separagas or liquid
mixturesin the presence of a driving force such as concentration, presselegtac potential
difference[4]. The mixture to be separated (feed) is brought imat with the membrane
surfaceand creates thereby two new streams:peneate and the retentaldhe permeate
contains a higér concentration of the favorably permeating componentthaedetentate the
retained componenf4,25]. Figure 2-1 shows the principle of nsa transport across a
membrane.

-
0 290

Feed a & & Retentate

Figure 2-1. Mass transporticrossa membrang26]

The separation of gaseous and liquid mixtures is one of the central problems of the industry.
Up to now, purification processes in the industry have been predominantly carried out by
conventional processes such as distillation, rectification, extraction, condensation,
crystallization, adsorption, and absorptidut membrane processes are gaining importance
[26]. Outstanding examples of membranes appliegractice are blood purification, water
treatment, material recovery, potable water production, and gas sep#2afiomable 2-1
presents an overview of various membrarecesses.
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Table2-1. Membrane processes and its characteristics including competitive pro¢28s3

Membrane Driving Phases Permeating Type of Field of application Competitive
process force particle/moleculesize | membrane process
Microfiltration | gop liquid/liquid |1 0 <€lm &€ m porous Separation oparticles fromsolutions | Sedimentation,
(0.5- 2 bar) (bacteria,cells) Centrifugation
Ultrafiltration | qpp liquid/liquid | 1 nm-100nm microporous | Separation of dissolved Centriguation
(1- 10 bar) macromolecules fromodvent
(proteins)
Nanofiltration | gop liquid/liquid | 0.5-5nNm microporous | Separation of dissolveslibstances of | Evaporation,
(10- 70 bar) average molecular weight froselvent | Distillation
(dyes,sugar)
Reverse Qp liquid/liquid | <1 nm nonporous Separation of the solvent from Evaporation,
0Smosis (10- 100 solutions with lower molecular weight| Distillation,
bar) substancesrémoval ofwater fromsalt | Dialysis
or sugar solutions)
Dialysis QcC liquid/liquid | <1 nm nonporous or| Separation of lownolecular Reverse Osmosis
microporous | substances from macromolecular
solutions andsspensionshjood
purification)
Electrodialysis| gpE liquid/liquid | <1 nm nonporous or| Separation ofats andacids from Precipitation,
microporous | solutions oflow-molecular/neutral Crystallization
substances
Pervaporation | goc liquid/gas <1nm nonporous Separation of lowmolecuar solvent Distillation
mixtures @rainage of organisolvents)
Gas Qpi gas/gas <1nm nonporous Separation ofjases or vaps from Condensation,
permeation (1 - 100 bar) gases (@ separationwasteair Absorption,
purification) Adsorption

ppipressur e

-6-
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There is a broad range of membrane separation processes which are widely used in industrial
applications. Irprinciple, every membrane separation proagsssa membran&r performing

a particular separation. Furthermafresfunctionof the membrane is the sanselectivebarier

between two phase8esides, all membrane processes have the following objectives in
common[4]:

1 ConcentrationA Removal of solvent to enrich the concentration of the desired
component

1 PurificationA Removal of undesired impurities of gas or liquid mixture

1 Fractionatiom Separation of a mixture into at least two components

In recent times, the use of membranes in gas separation is gaining importance, wherefore this
study is focused on gas separation membranes. Therefore, this separation technique will be
discussed in greer details in the next chapters. For a more detailed description about the other
membrane processes, miened inTable2-1, pleaseaefer to the literaturg4,27,30]

2.2 History of membrane gas separation

The ability of a membrane to separate gas miduwan be traced to the eighteenth century
[30,31] However, membrane gas separation has become a major industrial application just in
the past decad¢s,32].

The foundations wez laid by Mitchell, Graham, and Von Wroblewskiith their first
scientificobservatiorof gas permeation through ngorous polymeric film$32,33]. This was
followed byFickd studiesongas transport through nitrocellulose membrand$855 resulting
i n the O6Fi r[3l}, adquanttdivi slesdrigtiondf gas diffusion through barriers
[31,34] In 1866, Graham proposed the gas permeation mechanism whiehagdin of the
nowad ay solutiosdéfusion® mechanism[32,34,35] Later, Bechhold introduced a
method for the preparation oficroporous membranes with graded psize structur¢30,34]
However, the échnical breakthrough in membrane gas separation was the invention of the
Loeb-Sourirajan process for the formation tfe asymmetricmembrane in the 1960s
[17,30,31,34]In the1980s the LoebSourirajan procedure was adapted to gas separatioh
thefirst commercial gas separation membrane (Prism®asygmmetric plysulfone hollow
fiber membrandor the separation and recovery of hydrogen from ammonia purgeams
developed6,30,36] Within few years several other companies introduced different materials
for specific separation purposes, eldbe Industries launched polyimide holldieer
membranedor Hy/hydrocarbon separatiof87]; GMS, Separex, and Cyanara introduced
cellulose acetate membranes for the removal of f@@n natural ga$6]; Generon Praxair,
and Medal implemented membranes for the separatioxygien or nitrogen from aj6]. From
then on, the progress in membrane science and technology was accelerated in virtually every
aspect of membrangs,9,38] Since 1990 reliable and economical catifive gas separation
plants are being builf10,30,39] Figure 2-2 displays the development in membrane gas
separationf6].
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Figure 2-2. History of membrane gas separatifj

Nowadays gas separation membranes can be found in various applicefedisg hydrogen
recovery, oxygemndnitrogen enrichmengcid gas treatmenmhatural gas and air dehydration
[3,29]. Nevertheless, there is still a need for newly developed -kogle gas separation
membrane systemfor gas separation in particular for condensable gase$yitecarbons
from methane or propylene from propdfig

2.3 Membrane classification
Membranesre mainly classifiedccordingo the following aspect$40,41}
1 Origin (synthetic, biological)
1 Material(inorganic, organic)
9 Structure(porous, norporous)
A further differentiation is related to the membrane fabrication pro¢pgkase inversion,

solventevaporatiol to the underlying transport mechanismmdlecular sievenembranes,
solutiondiffusion membranes)r to the final usereverse osmosis, ultrafiltrationcet[40].

2.4 Types ofmembranes for gas separation

Thereare various types of membran@fie most common oneare shown schematically in
Table2-2 [4,30]. The present work is only devoted to dense, synthetic membranes.
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Table 2-2. Overview of different membrane types

are from different materials

2

L]

o ]
'a) QA'A’E

Type of membrane[30] | Name[30] Characteristics[4,30] Preparation [30] Picture [30]
Symmetricmembrane Isotropic 1 homogenous microporous 1 tracketching
microporous morphology 1 stretching
membrane i i
1 separation layer:njicro)porous 1 template leaching
Nonporous 1 homogenous morphology 1 solution casting
dense 1 separation layer: dense 1 meltpressing
membrane
Asymmetricmembrane Loeb_ _ 1 heterogeneous morphology | phase inversion
Sourirajan 1 denseoplayerand porous
membrane substructure
1 separation layer and support
layer are of the same material 7L
Thin-film_ 1 heterogeneous 1 interfacial polymerization
compg)sne 1 densetoplayer 1 solutioncoating
membrae
1 por_oussubstructure 1 plasma deposition
1 activelayer and support layer

).
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2.5 Membrane materials

Several materials can be used for the fabrication of membriioggever, he choiceof a
material dependson the applicationand the coseffectiveness.In general,an effective
separation material should satisfy the following requirem@ois

1 Technical feasibility

1 Optimal chemical and thermal stability
1 Good mechanical stability

1 Excellentgas transport properties

1 Inexpensive

Moreover membrane materiafer gas separatioarecategorized int@rganic (e.g. cellulose,
polymer) or inorganic (g, cerami¢c glass or a metal [4]. In the following

(Table 2-3) the advantages and disadvantages of polymeric and inorganic membranes are
displayed:

Table2-3. Advantages and disadvantages of polymeric and inorganic membranes

Pros and cons | Organic membranes[8,42 44] Inorganic membranes[4,8,18,28]
Pros 1 costeffective 1 high thermal stability
1 easy processable 1 chemical inertness
1 good mechanical strength | T low agingability
1 robust in handling T long service life
Cons 1 possibility ofswelling 1 brittleness
1 decomposition in organic 1 high capital costs
solvents 1 difficult moduleconstruction
1 low resistance againktgh
temperaturesr aggressive
chemical environments

In most of the largscale processes, polynermembranes are r@dominantly used.
Neverthelessnorganic membranes gainadore attentionn recent yearsespecially in thee
applications in which polymemembrans cannotbe applied. Meanwhile, there as¢so
membranes that combine the properties of the polgmand inorganic membranes
advantageously.

In the followingsection just polymeric membranes will be discussdth the main focus
on the materials related to this wpspecifially PANI and its derivatives
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2.5.1 Polyaniline

a) Polyanilinestructure

Polyaniline PANI) was discovered in the ¥9century[45i 47] and arouse considerable
attention among scientists due to the failog key propertie§22,45,48,49]

1 Easy and cheap to synthesize

Intrinsic conductivity

Good thermal and environmental stability
Interesting redox and ieexchange properties
Excellent electronic and optical properties

1 Existenceof various morphologies

= =4 -4 A

In general PANI is a redoxactive polymef50] which exists in various forms that differ in the
degree of oxidation and protonatiptb,51,52]

1 Leucoemeraldine
1 Emeraldine
1 Pernigraniline

The general structure of PANI is showrHigure2-3, whereupomm describes the reduced and
(2-m) the oxidized repeating unifS3i 55]:

A O HO~O 4

Figure 2-3. General structuref PANI[531 55]

1 When m= 1, PANIisin its completely reduced state knownescoemeraldine
1 When m= 0, PANIis in its completely oxidized state known @ernigraniline
T When m= 0.5, PANIisin its middle state known as emeraldine

Technically, the most interesting form of PANI is the emeraldine fgn52,56,57]as it
exhibits unique conductive properties. It waarid, that the emeraldine form of PANI can be
converted from an insulator state to a conductive one via doping. Thendaoctive form of
PANI emeraldine is known as PANI emeraldine base (PERI and the conductive form as
PANI emeraldine salt (PANES). This conversion is reversible meaning that PA can be
changed to PANEB by exposure to an alkalif&8].

In addition PANI emeraldine can be converted into the oxidized fpemigranilineby
strong oxidants or into the reduced folkeucoemeraldindy grong reduction agentgl5].
However, these forms are noonductive gen in the protonated forf9,60] Furthermore,
eah transition is accompanied by a color chaffge52,61] Figure 2-4 shows the different
redox states of PANI in its base and $aitn.
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Ieacoge Clen Hogel

Leucoemeraldine base Leucoemeraldine salt
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n
Pernigraniline base Pernigraniline salt

Figure 2-4. Redox states of I [62]

The present work exploited the distinctive features and properties of PANI emeraldine. In the
following, it is only mncentratd on PANI emeraldine.

b) Electrical conductivity of PANI
The reason why PANI shows electrical conductivity is founded in its strui@8y@4]. PANI
is a conjugated polyer which is composed of single and double bondsaiternatingnanner
[56,64] thatallowsthe electric flow[65]. However, the electrical conductivity results from the
occurence of charge carrier§52,64] (solitons, polaronsand bipolarons[50,56]). By its
movement along the polymehain electrical conductivity occulf®2,65] The charge carriers
can be induced via different ways as to mention: a) redox doping or b) dojpinggueous
protonic acid[55,66] In case of redox doping the polymer is exposed eithantoxidant
(p-doping) or reductant ¢doping)[67] resulting in partial removal (oxidation) or addition
(reduction) of electrons to the polymérain[55], whereupon the number of electrons changes
[68]. In case of doping with aqueous protonic acid, such as HCI, no changes in the number of
electrons take pladé4,55,68]

In general, the theory behind the charge transport mechanism in conductive polymers is
complex. However, its beyond the scope of this thesis to provide a detailed description and
overviewof this topic. For additional information please refer to the literd&afg2,65]
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¢) PANIpreparation

PANI is usually prepared either by chemical polymerization or by electrochemical
polymerization45,55]

1 Chemical polymerization

The oxidative polymerization is carried out either with aniline dissolved in acidic m¢a@jm

or with anilinium salts (e.g. aniline hydrochloride or amglisulphate) dissolved in agqueous
medium [70] which is subsequently oxidizethy the additionof an oxidant [69,70]
(e.g. ammoniumperoxydisulfate iron(lll) chloride, cerium(lV) sulfate, potassium iodate,
potassium dichromate, periodic acid, sodium chlorite, manganese(IV) oxidegrcopp
perchlorate, as well as vanadic acidp]. The obtained polymer is PANI emeraldine salt
(PANI-ES) in its protonated state which can be deprotoraftedwardto PANI emeraldine
base (PANIEB) [71]. This step i$avorable as PANIES is insoluble in any solvent in contrast
to PANIEB, wherefore it is easier to procgse,72]

1 Electrochemical polymerization

PANI is obtainedgalvanostaticallyat a constant current density or by cyclic voltammetric
scanning of aniline in either acidic agueous medium (e.g., sulfuric acid, perchloric acid, nitric
acid, phosphoric acid, etc.) ar organicsolvent (e.g., acetonitrile, dichloromethane, etc.),
whereupon it is deposited on the surface of the working elecidi]e This technique is
well-established for the preparation of polymer filfi@8]. The obtained film is dopedith
incorporated electrolyte anions, which can be neutralized by reversing the electrochemical
potential[67].

Furthermore, it was reported thdtamges in the polymerization condition result in different
morphologies of PANI. For instance, the polymerization in strongly acidic media results in
granules and nanofibers. When the polymerization is conducted in slightly acidic media
nanotubes are forrdeln case of polymerization in alkaline media mi@od nanospheres are
produced45,70] Besides, colloids can be prepared when the oxidation is performed with a
steric stabilizef45]. Overall, it has been shown that different morphologies lead to different
material propertieR22,46,74,75]

Thus far, mainly the oxidative polymerization route is chosen for the preparation of PANI
[50,70] due to the ease @lynthesisHence this way wasalsochosen in the@resent case for
the preparatiorof PANI.

d) PANImembranes

Thefirst study on PANHbased membranes for gas separation dates back to the 1990s to the
work of Anderson et al[23,76] In their study, theyshowedthat PANI is a promising
membrane candidate fdD./N. separation.Since then numerous studiesnoPANI as a
membrane matefiavere publishedn which the structur@roperty relationship of polymers
wereexplored.Table2-4 summarizes the results @ainumber of subsequent studies.
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Table 2-4. Technical achievablEANI membrang@erformanceeportedby variousresearch groups

Research Anderson Rebattet Chang Mattes Orlov llling  Wang
groups [76] [77] [78] [79] [80] [81] [82]
Permeability (Barrer)
H2 3.7 251 3.08 1.477 4.38
02 0.280 0.13 0.12 0.141 192 0.088 0.151
N2 0.038 0.026 0.017 0.015 235 0.009 0.0165
CO; 1.44 0.75 0.67 0421 629 0.291 0.72
CHs 0.016 0.05 0.023 235 - 0.0078
Ideal selectivity

H2/N2 142 148 205 164 265
CO,/CHs 46.9 134 183 26.8  --- 92.3
H2/CO» 4.93 3.75 7.32 5.08 6.08
H2/O2 28.5 20.92 21.8 16.8 290
CO/O2 5.14 5.77 5.58 2.99 3.28 3.31 4.77
O2/N2 7.32 5.00 7.06  9.40 8.17 9.78 9.15
CO2/N2 37.7 28.85 39.4 281 26.8 323 436

As all the examples indicate, PANI membranes possess interesting separation properties, but
low permeabilitied80,81] Another major limitation of PANI mmbranes that restricts their

use as a membrane material is the gr-forming abilities[66,81] Several methods have

been reported how to overcome this drawback by adoptingfahe following techniques:

1 Synthesis obubstituted PAN]21,73]

1 The use of amide solvena3]

1 Synthesis of PANI on support materja0,83]
1 Blending of PANI with another polymég4]

€) PANI/PBI Hendmenbranes
As means of improving th&m-forming properties of PANI polymer blending has been
applied in this thesig2olymer blending of two or more polymers is a tiafecient and cheap
method that offers the possibility to combine the favorable properties of two or more polymers
and results in new materials with enhanced properties which cannot found in the single
components[3,85]. In general,most polymer blends are limited in its miscibility and
homogeneity[86], however homogeneity is preferred in order to obtain membranes with
uniform membrane performan{&7].

In the present workpolybenzimidazole (PBlwas used as a blending component. PBl is a
heterocyclic polymef88i 90] like PANI which might be beneficial for obtaining homogeneous
polymer blendsA general structure of PBI is shownFigure2-5.
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AT

Figure 2-5. Chemical structure of PH91]

PBI belongs to thehigh-performancepolymers with excellent thermal, chemical, and
mechanical stability88i 90]. It is a rigid polymef88i 90] with tight polymer chain packing
induced by strong interand intramo | ecul ar hydr ogen bionntdeirnagc ta s
within the polymer chainf92]. This can have a strong effect on the membrane propefties o
PANI-based membranes.

Eventhough there has been a great accomplishment in the membrane formation of PANI,
they are still not in use in industrial membrane gas separation applications due to low
permeability{80,81] and difficulties in membrane film formatid66,81] Hence,in this work
blend membranes based on PANI and PBI were preparedgto develop stable PANdased
membranes and tanvestigate theirmembrane morphologyphysicachemical and gas
transport propers Furthermore, the prepared blend (undoped PANIM&hd membrane)
serves as a starting material on which various modification methods were applied for tailoring
basic properties such asrmeability anddeal selectivity aiming to enhance the membrane
performance of PANbased membranes.

2.5.2 Measures to increase the membrane performance

a) Acid doping ofPANIbasedmembranes

The valuable structural properties of PANI provide a great platform for modification and hence
for obtaining materials with new properti€3ne way to optimize the material properties of
PANI-based membranes is the method of dofidg79].

T h e tdapingis uded to describe the process of protonation of PANI by a dopant, which
is in the present case an a¢&?]. During doping of PANHEB with a dopant th@olymer
changs to the conductiv ANI-ES form[51,93] In the same time the electric properties
increase, which can be explained by the formation of polarons via an internal redox reaction
from bipolarong93]. Besides, the doping process is accompanied by a color change from blue
to green[50] and changes in the morphology and physical properees. electrical
conductivity, degreand nature of crystallinity, density, rheology9]. Apart from this, the
doping process is reversible meaning that PASIcan baledopedyielding in the recovery
of PANI-EB [58]. Figure2-6 shows theloping procedure d?PANI-EB to PANI-ES:
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PANI-EB
Reduced segments Oxidized segments
2x H*
PANI-ES
+ +
NH NH NH=— NH
Bipolarons "
Internal
redox reaction
+- +-
NH NH NH NH
Polarons "
Separation
of polarons

OO+~

Figure 2-6. Doping process of PANEB and structurathangesn PANI-ES[93]

n

Many research groups investigated the method of doping and the influence on the gas transport
properties. Earliest study on doping of PADIsed membrane can be trabagk to the year
1990. In this study, Anderson et dbpedPANI membranesvith halogenic acid¢HF, HCI,
HBr, and H) andreported remarkabligleal selectivity values of various gas pairs, e.g. 3590
for H2/N2, 30 for Q/N2, and 336 for C@ICH4 [23].

The outstanding sailts of Anderson et al. encouraged others to develop doped FEsEt
membranes. Kuwabata and his gr¢&4] performed permeality tests with films made from
PANI as the segration layer and miaporots aluminumas a support and founldat a higher
degree of dopindeads tohigher ideal selectivitiesRebattet et al95] studied the doping
dedopingredoping mechanism and observddat the repeated dopinmdopingredoping
treatment causesdecreasen permeabity for larger gases bunancrease fosmaller gases,
which in turn result in an overall increase in ideal selectivity. Lee fE6jlconducted similar
studieson the influence of the dopingdopingcycling mechanism on PANhembranesThe
repeatedundoping and redoping procedure resulted in amcreasein ideal selectivities
accompanied by decreasin permeabilities.

As all these studies indicate, doping is an interesting and facile way to produce new
materials with interesting gas transport propertience, n this workPANI-based membranes

-16-



2. Membrane Gas Separation

were doped aiming tadjustits gas transport pperties HCl was useds doping agends it
wasmainly applied by other research§rg,78,80,9498].

b) Carbonmembrans

Another way to improve the membrane performance of Péds¢led membranes is the thermal
treatmenprocedurdor creating carbon membrandhet e rtharmal treatmeld(also known
aspyrolysis[99,100] carbonizatior99,100] or thermal annealing 01]) descibes the process

of heatingpolymeric materials at high temperatuf@®]. It was found that the thermal
treatment of PANI at elevated temperatures transform PAN&initbogencontainingcarbon

like material, whereupon it changes its material properties but retains its morphology
[1021 104]. The main reaction which was observed isititeamolecular crosslinking of PANI
chains which results in the formation jpfienazindike crosslink structures. Besides, chain
scission anding-openingreaction of benzenoid and quinonoid rings may occur leading to the
formation of oxime and nitrile groug$02,103,105]Figure2-7 shows the possible chemical
changes occurring during thieermal treatment procedure of PANI in the emeraldine oxidation

state
N NH
N\ F NH
N N

\N/ NH PANI (1)
A
+ O2
H,0

Oxime groups N

. £ ©\
Nitrile groups

)
Phenazine rings
@

Figure 2-7. Newstructuresupon the thermal treatment of PANI (1): phenazine rings (2), oxime (3) and nitrile (4)
groups[105]

The thermal treatment procedure has attracted considerable attention in recent years in the
membrane preparation as they result imMbenes composed of microporous, amorphous
high-carbon materials with interesting features (compared to their precursor membranes) as to
mention [99,106,107] applicability at high temperatureshemical resistance icorrosive
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environments, higlpermeaility, and excellentdeal selectivity[108/ 111]. Moreover, their
textural propertiegnablethem to separate gases based on the molecular sieving mechanism,
which makes these membranes effective for several applications including gas purification,
dehydration, or natural gas processjh@6]. However, the high preparation costs are one of
the reasos why such membranes are not applied yet in industrial applicatidris112]
Anothermajor drawback of such membranes is their poor mechanical stability entailing the
problem ofcracks and defec{89,113,114]

As reported in the literature, the way how thermal treatment is carried out is cruciad f
a succesful preparation of thermally treated membranes as well as the final membrane
propertieg 99,115} Hence, following general parameters are necessary to be considered for
obtaining high performing membranes with desired characterjS8¢506,112]

1 Choice of pecursor

1 Membrane preparation method
1 Pre or posttreatment procedures
1 Pyrolysis condition

Earliest study ocarbonmembranesvasreported in 980 by Koresh ad Soffer[116]. In their
study, theyinvestigated the effect of temperature bollow fiber carbon membranes
(undisclosed membrane materiaghd observed changes in the permeabilities iaedl
selectivities upon thermal treatmemtlthough their research uncovered the potential of
thermally treated membrandsr separating gases, there was a humble beginning in the
development otarbon membraneSince thenmany fundamental scientific ws followed

in the 199G, whereupon the interest aarbon membrandsas grown rapidly.

Some research groupgere focusing onhie influence ofthe precursor materiadn the gas
transport propertiesFor instance, Jung et al. [108] preparedcarbon membranefom
Ultem 1000, Kapton, phenolic resin, polyacmitrile, and cellulose acetate aftdindthat the
permeation through thermally treated Ultem 1000, Kapton, and phenolic n@sinep a
molealar sieving mechanism whereas the permeation through thermally treated
polyacrylonitrile and cellulose acetgtersus a combined mechanism of Knudsdiffusion
and molecular sievingThe differences were explained based on differences impdhe
strucure formed during the thermal treatment

Furthermoreseveral studiesweredoneon the influence of the pyrolysis temperature on the
final gas transport properties as the temperature strongly inflaémedextural properties.
Most commonlyappliedtempeatures for the thermal treatment are in the range of 500 °C
1000°C [99,107,114] Ning et al [117] preparedcarbon membrandsom Matrimid atthree
differenttemperatures: 550 @75 °C, and 800 °C. It was showtinatthe membrane treated at
800 °C exhibited higher Npermeability and higher CHa4 selectivity over the precursor
membrane. Beyond, lower temperatures probed to provide better permeabilities but poorer
separation performance. Overall, most attractive memlparfermancevas obtained after
the themal treatmentat 800 °C as thismembrane ex@eded the Robeson upper bound in the
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Robeson diagranBalinas et al[101] conducted similar studies on the effect of the thermal
treatment temperature on thethylene/ethaneseparation properties oPIM-1-based
menbranes. Thehermaltreatmentat 800 °C resulted ithe highest selectivity and lowest
permeabilitywhereas the thermal treatment at 400 °C resultdieniowest selectivity but
highest permeability.

Another important parameter during the preparationasbon membranes the thermal
soaking time which describes the time htmmg the thermal treatment temperature is kept
constant at we and the same temperatuteusually is in the range of several hours and is a
useful variable for the fintuning ofthe carbon membranpropertieg114]. Steel andoros
[118] fabricatedcarbon membrandsom Matrimid and the polyimide precursor 6FDA/BPDA
DAM. They found that the permeability decreasaud thedealselectivity increased with the
increase in thenal soaking time from 2 h tol8

Several studies were focusing on the varigbtating ratéas the heating rate determines
the evolution of volatileeomponents from the membrane whicvea consideral# influence
onthe structure of thmmembrang99,113] The rangef heating rate is between 13 °Cmin.

In generallower heating rates are favorable over higher ones, as higher heating rates might
cause membrane defects, wdes lower heating ratesausesmall pores and improved
crystallinity[99,114] Kim et al.[119] prepareatarbon membrandsom Matrimid 5218 coated

on rounded alumina disks. In thework, they investigated the changes in the gas transport
properties in connection to the rampiageof 9.6 °C/min, 2.4 °C/min, and 0.8 °C/minhey
found thatthe heating rate of 9.6 °C/min resultechomselective, highpermeble membranes
with defects On the contrarylower heating rats of 2.4 °C/min or 0.8 °@nin resulted in
defectfree membraneswith similar membrane performea. Centeno et al[120] prepared
carbon membrandsom phenoic resin at heating rates of 2@/min or higher. he membranes
prepared at 10 °C/min heating rate possess enhamwedular sieving characteristjaghereas

the ores prepared ahigher heating ratepossesdower permeabilitiesbut improved idela
selectivities. It is believethat the higher removal rate of volatile carbon compounds sause
partial carbon vapor deposition in previously created pores and hence iresuttecrease in
permeabilities but an increase in ideal selectivities.

Besides several research groups have studied the influence efapre postreatment
condition on the separatioperformanceof carbon membranes order to enhance the
membrane propertig99]. Fu et al[121] used the polyimide 6FDA/DETDM®ABA (3:2) for
the preparation afarbon membranemnd investigated theffect of thepre-treatment methods
of Oz doping and prerosslinking onits gasseparation performance. was showrthat the
presence of ©in the gasatmosphere resglin an increase in ideal selectivities accompanied
by a moderate decrease in permeabilities owing to a reduction uttridw@icroporedistance
present in the membrane sturet On the contrarypre-crosslinkingresults inimproved
pernmeabilitiesand just slightlydecreasedlealselectiviies Wenz and Koro§l22] studied the
effect of postsynthetic aminaloping on carbon membranesollow fiber membranenade
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from polyimide 6FDA/BPDA-DAM. The permeation results revealed that the amine doping
leadsto membranes with enhanced ideal selectivities but lower permeahbilitie

Moreover,the gas atmosphere during the thermal treatment prbessa high impact on
the membrane performanes the gas can release thwatiles during the thermal treatment
process. Hence, pore blocking due to carbon deposition during thermal treatment can be
avoided[113,123] Usually, vacuum or inert atmosphere is applid@4,125] Sazali et al.
[123] usedAr and N atmosphere for the preparationaafrbon membrangsom Matrimid.

The treatment under Ar atmosphere resulted in higher permeable memiitarregher ideal
selectivitiesthan undemo>. It is believedthat the Ar gas can sweep away more readily the
volatile vaporsformed and hence avoid blocking pores formed on the carbon membrane during
the thermal treatmentSimilar experiments were perfoad by Geiszler et al[126] on
6FDA/BPDADAM hollow fiber carbon membranesnderinert gas (He, Ar, and C{pand
vacwm (0.01- 0.03mtorr). It was found that the carbon membrapespared undédnert gas
atmospherexhibited higher permeabilitiebut lower ideal selectivities than the one prepared
under vacuumAnalytical results revealed that inert gas atmosphere could praducen
membranesvith biggerpores than under vacuum, wherefore higher permeahiltigdower
ideal selectivitieswere reachedDespite, no huge difference was found in the membrane
performance upon changing the inert gas atmosphere.

Current developments in carbon membraioesises orthe method of polymer blending.
Up to now, most studied blending precursor materials are: PPOJRO&127] PEI/PVP
[113,128] PEG/PEI[125], PI/PEG[125,129, PEI/PI[130], PFNR/PEG[131], and PBI/PI
[132,133]

As all these studies revedhermal treatmenis a simple way b prepamg advanced
membrane materials withterestinggas transport propertiddence, in this worlPANI-based
membranes werthermally treatechiming to improve gas transpontgpertiesof PANI/PBI
blendmembranes.

c) Mixedmatrix membranes

An alternative strategy to alter the separation characteristics of-Badéld membranes is the
preparation of sgalledmixed matrix membranes (MMBJ. MMMs are composite materials

that consist of inorganic nanoparticles embedded in a polymer niigy receive continuous
attentionas they combine the beneficial separation properties of the nanoparticles and the
favorable filmforming properties gbolymeis[8,18,134,135]Figure2-8 shows the scheme of

a MMM.
. Polymer matrix '
4 =

Different types of inorganic fillers

Figure 2-8. Scheme cd MMM
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In the deviopment of MMMs, the choice d propermaterial combination is crucissthe
use of different polymers and fillersan result in dierent gas transport properties
[18,19,136,137] In general,the following effects can be observed upohe addition of
nanoparticls:

1 Increase in fractional free volume [18,138 140]: Well-dispersed nanoparticles
within the polymer matrix mighdisrupt polymer chain packingnd increase the
fractional free volumevhich in turn favors the overall transport of the penetrant gas.

1 Reduced chain segment mobility18,19,141,142] Upon addition of nanoparticles,
the chain segment mobility might be reduced resulting in imprmesdselectivity

1 Acting like an obstcle [1421 145] Nanoparticles might act as obstacles inside the

polymer matrix thus increasing the tortuous pathway of the gas molecule through the

membrane resulting in enhanlddeal selectivity butdecreasegermeability.

1 Non-ideal interphase [2,8,18,19] Choosing an incompatiblgoolymer/particle

combination might lead to poor adhesion between the polymer and the particle and

hence to the formation of an interface or voids which reduces the ideal selectivity but
enhances the permebiy.

1 Type of particles [8,18,145,146] Porous fillers might act as molecular sieves
enhancingpermeability and ideal selectivity, whereas +pmrous particlesnight act
as obstaclesnhaning the ideal selectivitput reducing the permeability

1 Particle alignment [147i 149]. Aligned inorganic particles can enhance the gas flux
by creating pathways in the membrane.

MMMs emergedat the beginning of the 1990kowever, its discovery dates bads early as
1970[2,18]. Backthen, Rwl and Kemg150] reporteda remarkable increase in tlffusion
time-lag but only minor changes in the steatgtepermeation upon the addition of zeolite 5A
to apolydimethylsiloxane (PDMS) membrane

Since thennumerous works have been published orptieparation of MMMsWu et al.
[151] studied MMMs made of PIM and covalent organic frameworks which possessed
enhanced C&CH4 and CQ/N: selectivity. MartinGil et al. [152] studied Matrimid 5218
based MMMs that comprised T5and ETSI1O0 titanosilicates for Ce&CHs gas separation
applications. Amedi and Aghajafl53] prepared MMMs from polyurethanmembranes
containingSiOz, ZSM-5, and ZIF8, respectively, for the separation of £4hd CH. Sun edl.
[154] fabricded MMMs via in-situ polymerization from polyimide and functionalized
MWCNT and tested them for CO separati®ubica et al.[155] developed MMMs from
polysulfone and copper terephthalate and found that the nanoparticles have a pogéote i
on the N, O, He, and C®@ permeability. Boroglu et a[156] investigated the inflence of
RHO type ZIF12 particles on the gas separation performance of Matrimid membranes and
found that the addition of Rho ZAE2 particles has a positive effect on £flCHs and H/CHa
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ideal selectivitiesMore information about the recent progress m dievelopment diMMs
can be found elsewhef®,8,136,157159].

A number of studiebave beendone on the influence of the particle size on the gas transport
properties of MMMs. Japip et .gl160] fabricatedMMMs from 6FDA-Durene and ZIFH1
particles ofvarioussize, e.g. 30, 200, and 600 nBest membrane performance was found for
the MMMs containing ZIF71 particles with the siz200 nm.Nordin et al.[161] conducted
similar studies on the influence @iF-8 particles (size range: 100 600 nm)on the
CO./CHas separation performance apolysulfone matrixThe addition of ZIF8 with the size
100 nm resulted in a decs=ain CH and CQ permeance, hereas the addition of ZI& with
the size300 nm and higher resulted in an increase in @tl CQ permeanceOther studies
on the gas transport dependence guadticle size were performed @hunget al.[162] and
TantekinrErsolmaz163].

Several studies were focusing on the influence of the particle structure on the membrane
performanceFernandeBarquin et al[164] prepared MMMsfrom poly(J-trimethylsilyl-1-
propyne) with three different zeolite frameworks: CHA, LTA, and Rho (Si/Al katio5, and
Hy). It was shown, that the MMM with the zeolite of the largest pore size (-BA% exhibited
the highest permeabilitie€ong et & [165] used brominated poly(2@phenytl,4-phenylene
oxide) (BPPO)and two kindsf carbon nanotubes, namely singtall carbon nanotubeand
multi-wall carbon nanotubes, to form MMMs. Theembrane performance BPPO MMMs
containing MWCNTswvasbetter than the oneontainingSWNTSs.

Furthermore, particle agglomeration can occua MMM leading to an inhomogeneous
distribution of the nanoparticles inside the polymer matwkich negatively affects the
membrane properties. Wu et HI66] prepared MMMs from polyimide and various contents
of chrysotile nanotubgChNT) and investigated the influence of ChNT dispersion on the gas
transport properties. It was found thia¢ addition of up to 4.5 v of ChNTSs resulted in a
decrease in @permeability, whereas a further increase in ChNT content causes an increase in
Oz permeability. As TEM micrographs revealed, ChNTs form small individual bundles in the
P1 matrix, which gradually increases with the amount of ChNTs. Upoaddiion of more
than 4.5 vdle of ChNTslarger aggregates were observitdvas suggested, thate ChNT
micro aggregation influences the nanotube dispersion and orientation and hence the
permeability behavior.

Also, theinfluenceof the particle shape othe MMM performance haseen investigated.

Li et al. [167] preparedMMMs with embedded graphene oxide nanosheets and carbon
nanotubegCNTSs) into matrimid The presence dENTs resulted in high permeabilities and
low selectivitieswhereas the addition of grapleeaxide sheetieadsto areverse effect

The orientation of the filler haalso a greatimpact on the transport properties of the
permeating species through the membratenar et al.[1471 149] prepared MMMs from
polycarbonatgpolystyrene, angolymethylmethacrylateith various types of MWCNTs and
studied the effect of MWCNTSs alignment on the permeabilibeyfound that the alignment
of MWCNTsenhances the permeability and ideal selectivity.
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2. Membrane Gas Separation

Besides, several research grogpsglied the influence of functionalization of nanoparticles on
the membrane performance as functionalization can improve the interfacial contact between
the polymer matrix and the filler and can avoid the formation ofideal morphologies such

as sievdn-a-cage, rigidified polymer layeMoghadasset al.[168] usedraw-MWCNTs and
carboxylicMWCNTs combinedwith cellulose acetatéor the preparation of MMMsThey

found that te MMMs with functionalized MWCN's possess higher permeability thandhe

with nonfunctionalized MWCNTs. Other studies involving the functionadition of
nanoparticle werereported by169,170]

As all these studies indicate, factbke orientationof nanoparticles, particle size, particle
shape, particle agglomeration, interface morphology, polymer niexig a great impact on
the MMM qualities Besides, they show that the development of MMMs seems to be a
promising way of achieving membranes witloutstanding membrane performance.
Neverthelessseveral problems still prevettie wide application of MMMs as to mention:

1) poor dispersion of the inorganic fillers in the polymer matrix 2) formation of aggregates,
3) interfacial defects on the intade between the inorganic fillers and the polymer matrix
[8,157,171]

Even thoughmultifarious combinations of polymer and nanoparticles were already studied
there is still need for further investigation in order to obtain a new material suitable for
industrial applications. Hence thiswork MMMs based on PANI and a rather new tyge
noncarbonbased filler, namelyitanate nanotubeJiNTs), were preparedimingto enhance
the gas transport properties of PAbHsed membranes. TiNTs were chosen, due to their
interesting structural propertieBNTSs are hollow tubular nanoparticlesade of rolled, spiral
sheets of titanate with an outer diameteapgproximatey 8 nm and a length in the range of
100nm- 1 pm[172]. The high aspect ratio of lengtb-diameter{172], as well aghe large
surface eea [144,173] and the structural flexibility [144,174,175]make them a suitable
candidate for gas separation applications
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3 Membrane GasTransport Theory

3.1 Fundamentaltransport mechanism in gsseparation

The mechanism of gas transport in membranes is closely related to the membrane structure.
Whether the membrane is porous or nonporous different separation mechanisms can occur
[34,176] Figure3-1illustrates he existing types dfansport mechanisms.
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Figure 3-1. Transportmechanism across membrarj#g7]

Gas transport through porous membranes can be described by the viscousnilmsen
diffusion, surface diffugin, capillary condensation, molecular sieving diffusion, while the gas
permeation in densaon-porous membranes can be described by the soldiifusion model
[177 179] Furthermore, the gas transport through porous membranes is governed by the pore
dimensions and the mean free path of the penetrant molecules within thElgBteshereas
the transport of gases in a dense membrane is governed bgtthre of the penetrant and the
membrane materidll80]. Beyond, porous membranes aruallyhighly permeake andnot
veryselective, whereas dense membraaes oftervery selectivebutnot verypermealke [176].

In the followingsection,the solutiordiffusion model will be discussed in detaihce it is
of relevancdor the present work.

3.2 Gas transport through densemembranes

3.2.1 Solution-diffusion model

The permeation of a gas through a dense, homogenous polymeric membreglig
described by the solutiediffusion model. Accordingo this model, he permeation of a gas
molecule across the membrane takes place ieetlsteps[34,38,181,182]as shown in
Figure3-2.
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3. Membrane Gas Transport Theory

1) Sorption: Adsorption of the penetrant molecule onto
membrane surface and dissolution into the memd&he7]

2) Diffusion: Movement of th@enetrant molecule across t
membrang50,97]

3) Desorption: Disengagement of the dissolved pene
molecule from the membrane and desorption from
membrane surfad&0,97]

Figure 3-2. Solutiondiffusion mechanisij26]

As the term solutioiffusion mechaism implies, the gas transport based on this mechanism
is controlled by the solubility and diffusivity of the gas in the membraience, the
permeabilityP (more precisely called permeability coefficiengn be expressed as follows
(3-1)[3,19,181,183]

(e (31
whereP is the permeabilityD the diffusivity, andSthe solubility.

The solubilityS (more precisely called solubility coefficieng) a thermodynamiparameter,
which depends on the interaction of the penetrant with the polymer mgipenetrant
condensabilityand the polymer morpholog®n the contrary, the diffusivity (more precisely
called diffusion coefficient)s a kinetic parameter, whicledends on the size of the penetrant
the packing of the polymer segments, and the polymer segmental mdBBiti81]
Furthermore differences in permeability ardue to differences indiffusivity as well as
differences in the interactions of thermeantsvith the membrane materigl9].

The ratio of permeabilitieteads to the permselectivityor ideal selectivity [181,182]
(Eq.3-2) which can be also expressed via the product of the solubility selectivity and diffusivity
selectivity. It describes the ability of a membrane to separate one component from the others
[1,3,184]

b oo 02

ol A Aa A

wherePa andPs is the permeability of the gas component A an&BandSs the solubility of
the gas component A and &xdDa andDg thediffusivity of the gas component A and B
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3. Membrane Gas Transport Theory

The membran® performancealepends on several factpiacluding the properties of the
studied gas, intrinsic properties of the membrane material, and the operation condition of the
membrane proceq86,185] The type of polymehas agreat impact onhie gas transport
properties Polymers might be either glassy or rubbery, wherefore the gas transport properties
might be different due to differences in diffusion and sorption prop¢f#%30,36,186,187]

In the present work, glassy polymers were used forpiteparation of the membranes.
Therefore, the gas transport and sorption models for glassy polymers are just further discussed.

3.2.2 Permeation through a dense membrane

The transport of a penetrant across a membrane is terngpdrageatiod[38], whereas the
permeabilityis the rate at which the penetrant permeft@kandcharacterizes the membrane
productivity[188]. The permeation of a penetrant through a dense membrane is schematically
shown inFigure3-3.
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Figure 3-3. Permeation process through a demsembrang36,189]
Fundamentally, the permeability of a penetris defined as follows (Eg-3) [1,32,36,190]

k5o (3-3)

whereP; is the permeabilityf the penetrant, J; the gas flux of the penetranat standard

temperature and pressur¢he membrane thickness, agd the pressure difference across the
membrane.
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3. Membrane Gas Transport Theory

The flux of a penetrant molecule through a membranedimection under applying a pressure
gradient36,191]at steadystate conditiorf182,192]is given by(Eq. 3-4):

[ | F
T, (3-4)

wheredC/dx is the concentration gradieat the penetrant over the membrane, aral the
diffusivity of the penetrant i

Equation3-4 is known as the*iFické law and is only valid if the diffugity of the penetrant
is concentration independgiB2,192]

Considering now a membrane witiethickness | inx-directionand infinite dimensions in
yz-plane, which is in contact with a penetrant stream that has the concentratiand Gp
(oC = Ci¢ - Cip) at the interfaces = 0 andx = |, we find after rearranging and integration of
Eq. 3-4 the following expression (E-5) [182,192]

L m ﬁ;izﬂ. [ (3-5)

where Cis and Ci, are the penetrant concentrations the feed and permeatside of the
membrane.

At negligible permeatgressure§l93i 195], the concentration gradient is related toph&ial
pressure vidd e n slaw@Eq.3-6) [182], wherefore the concentration grawli can be replaced
by the pressure gradient in the case of gas separation.

Fo Qe (3-6)

whereC; is theconcentratiorof the penetrant S the solubilityof the penetrant and pi the
partial pressure.

By combiningEg. 3-5 andEq. 3-6, we find(Eq. 3-7) [182,192]

(37)

wherepi s andpip arethe pressures at the feed and permeate side of the membrane.

Assuming that the downstream pressure is negligit98i 195] and Fickian diffusion is the
rate determining transport st¢p32,196] a corresponding expressiag a function ofthe
permeabilitycan then be derived from E&:7 [182,192]by inserting the expression for the
solutiondiffusion modelEqg. 3-1) [182,192,193]
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3. Membrane Gas Transport Theory

Overall, bllowing factorsinfluence the permeability{36]:
1 Temperature

Pressure

Polarity

Chain mobility

Crystallinity

= =4 -4 A

3.2.3 Diffusion through a densanembrane

The diffusivity is anndicationof how fast a penetrant molecule passes through the membrane
[30,189] In principle, molecules diffuse through a dense membrane by jumping randomly from
one transient gap to anotH&#,36,197198], while the previous opening which is left behind
the displaced molecule is closifitP7]. In a given polymer, th&ansient gapare generated

by thermal motion of the polymer chains, wheréessmolecule can just jump into if the gap is
sufficiently large for he gas molecule; thuallowing the molecule to pass through the
membrang34,197,199] Figure3-4 showsa schemeof the diffusion process.

O 1) Sorption of the penetrant molecule inside the matrix

O % 2) Jump of the penetrant molecule through the transient gap fo
in the membranstructure

O 3) Collapsing of the gap amtisplacemenof the penetrant
molecule

Figure 3-4. Diffusionthrough a dense membrafg,199,200]

An important factorthat is closely rated tothe gasdiffusion is the factional fee wlume
(FFV) of the material, whiclis defined as the specific volume fraction of a polymer which is
nat occupied by polymemoleculeqd30,36] TheFFV is usuallygiven by(Eqg. 3-9) [30,36]

gepqMET (3-9)
T "E

whereVspis thespecificvolume of the polymer and, the occupiedvolume

Thespecificvolume can be calculated from trexiprocal of thgolymer density, whereas the
occupied volume can lestimated usinthe followingrelationship(Eqg. 3-10) [36]:

T 8 T "HE (3-10

where Vwaw is the van der Waals volume, whickan beo bt ai ned by t he
contribution[36].
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3. Membrane Gas Transport Theory

In general, polymers with Mlepacked polymer chain segments possess decreased free volume
and hence lower diffusivities, whereas polymers with decreased packing efficiency possess

increased free volume and hence higher diffusiviBés$.

3.2.4 Gas orption in a dense membrane

The postulated model describing the gas sorpti@enpanetranin a glassy polymeis the dual
modesorption model given by (E-11) [36,190,201,202]

F

FA

AL
e

=

FQ :L

whereC is the total gas sorption capacityp theg a s

concentrat.

(3-11)

on

basec

sorption Cx the gasconcentratiorbased on Langmuir sorptipko the Henrg Bw constant,
¢ the Langmuirsorptioncapacity b the Langmuir affinityparameterandp the pressure

According to this model, sorption occurs due to two sorption mechanisms at two different

sorption sites: a) sorption accordingheHe nr y 6 s

aw

n

t he

daach s i f i

b) sorption accordintp the Langmuir type in the neequilibrium excess volume or microvoids

[30,36,138,201] The sorpbn according tatheHe nr y 6 s

Eq.3-11, whereas the sorption accordinghie Langmuir type by the second term of Befl1.
A typicd sorption isotherm accordintp the dualmode sorption theory is showm i

Figure3-5.

aw

Dual-mode sorption model
Henry's law
Langmuir's law

Concentration

____________________________

Pressure

Figure 3-5. Sorptionisothermg203]

first tergniol e n

Thesorption of a penetrant can be expressed bydhmbility S(sometimes also called sorption
coefficient in the gas sorption studigghichis a measure of the amount of penetrant sorbed
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3. Membrane Gas Transport Theory

by a membrane in thequilibrium statd4]. It can becalculatedrom the duaimode sorption
modelvia Eq.3-12[190,203,204]

] £ (3-12)
An important factorthat is related tdhe gassorptian, specifically theLangmuir sorption
capacity is the unrelaxednonequilibrium volumein glassy polymerswhich is definedas

(Eq. 3-13) [36]:

L TH T _.
i p— Z (3-13

whereVy is the specific volume in the glassy statethe specific volume in the hypothetical
rubbery state, and the molar density of the condensed penetrant.

In Figure 3-6 is represented schematically the unrelaxed;emprilibrium volume in a glassy
polymerasa functionof the temperature and the change of the polymer from the glassy to the
rubbery state

Glass Rubber

Vg - Observed specific volume of

|

glassy polymer

Non-equilibrium |
excess volume 7

Polymer specific volume

V- Specific volume of hypothetical
rubbery polymer

Temperature

Figure 3-6. Unrelaxed, norequilibrium, excess volume in glassy polynjag

In general, glassy polymers possess a greater specific volume than an eqowzdéretical
rubbery polymerdashed lineflue to theexistence ofthe nonequilibrium excess volume in
glassy polymers which occurs due to the inabilitthefpolymer chain®f the glassy polymer

to undergovery fast conformational changes below gjless transition temperaturdgj in
order to achieve equilibriuniB6]. Hence differences between the sorption and transport
properties ofdifferent polymers are coming from differences in the nature of the polymers
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