Alma Mater Studiorum 7T Universita di Bologna

DOTTORATO DI RICERCA IN
| ngegneria Chimica, dell 6Ambi

Ciclo XXVI

Settore concorsuale : AREA 09/D2

Settore scientifico disciplinar  e: ING/IND-24

POLYMER IC MEMBRANES FOR CO,
SEPARATION: EFFECT OF AGING, HUMIDITY
AND FACILITATED TRANSPORT

Presentata da Luca Ansaloni

Coordinatore Scuola di Dottorato Relatore
Prof. ssa Serena Bandini Ing. Marco Giacinti Baschetti
Correlatori:

Prof. Giulio Cesare Sarti

Ing. Matteo Minelli

Esame finale anno 2@






Dedicated to Man






Table of Contents

INEFOTUCTION . ...ttt eeenss bbbt e e et e e e e e e e e e e e eemms 1
1. Membranes for CQ SEPAratiON.......cccueeeeeiieiiieeeeeeree e e e e e et eeeeeeanna e e e es 5
0 Yo 1 o 14
1.2 EffECt Of WALET VAPQI.....ciiiiiiiiiiiiitie et eeer e e e e e st eeeer e e e aeeeeas 16
1.3  Facilitated transSport MEMDIANES............uviiiiiiiiiiiree e eeeeee e e e e eee e e e e e e e e e eeeserrrrr e a——————. 18
2. MathematiCS Of tranNSPOIt PrOCESS. .....uuiiiiiiiiiiiieee ettt mmne e 22
2.1  Diffusion in @ plan@ SNEEL...........uiiiiii e 22
211 Permeation analySiS............oooo i ene e 22
2.1.2  SOIPLUON @QNAIYSIS. ...ciiiiiiiiiiiiiii it eeet ettt e e emmt e e e e r e e e e e e s e e e e e 25

2.2 Diffusion with chemical rEACLION............coiiiiiiiii e 26
3. EXPEIMENTAL.....coo i e e as 28
3.1 Sample preparation ProtOCOIS.........cuiiiiiiiiiiiiree et reei e e e e e 28
3.1.1  Matrimid® 5218 POIYIMIAE. .........vcveveeeeeeeeeteeeseeeee et eeema s n e e eeen 28
3.1.2 Facilitated transport MembIanes...........oooi i 29

0 0 R |V = =T = | PP PPPPP PP 30
3.1.2.2 MWNTs amindunctionalization...............ccceeeeiiiiiiccmnniiieee e eeee e 31
3.1.2.3 Membrane preparation ProCEAULE.............uuiiieiiiiiicere it e e e e emeee e 32

3.2 POIMEALION.....eeiiiii e eee et e e e e e e e e e e en 35



321 DIy Qas PEIMEALION........coiiiiiiieieie et eeer e e e e e e e e e et e e emmmr e e e e e e e s e r e e e e e ammreeeeeeas 36

3.2.2 HUmMIid gas PerMEaALIQLL...........ccoeeii i i i ettt rree e e e e e e e eeeeaaeeaaaeeaaesenansnnen 38
3.2.3 MixXed gas PEIMEATIAN. .........uuuiiiiieeeiiiiimee et e e e e e e e simmne s r e e e e e e e e e s nnns s 40

G T T 1o T 1 o) 1 o ] o 1R 42
T | Y 01T o3 {0 1] oo o PP 44

I ST B 1= 0 K] 1 PP PP PPPEPPPP PR 45
B, RESUIS ...eeiiii ettt emr e e e e eean 47
4.1 Aging and thermal treatment effect in Matrimid...................ooo i, 47
4.1.1  Thermal tre@lMENL.........ooeeiiiiiiiii e e e e s s e e e 49
A o 11 o PP 58

4.2  Water vapor effect on gas permeability in Matrimid............ccccevieiiieccee i 62
4.2.1 Water Vapor SOIPLON.......cooiii i mree e e e e e e e e e e e e e e e e e e e e e e e e anenaanad 63
4.2.2  Gas permeability under humid conditiQns...........ccceevviiiiiieeceeee e 67
4.2.2.1 ACHVAtION ENEIGY.....cccoiieii e eeeveererrrrrrrrene e e e e e e e e e e e eaaaaaaeeaesssnnnsensenns ] O

4.3  Facilitated transport MEMDBIANES............oooiiiiiiiii e ceeec e e e e e e e e e e e eaes 17
431 MWNTS CharaCterization..............uueviiiiieiiice ettt rmmee e e e eees 79
4.3.2 Membrane performance at 15 atiM............uuuiiiiiiiiimme e eeeees 80
4.3.3 Membrane perfanance at 28 atiMl...........ccuvviiiiiiiiieeeeeee e 84
4.3.4  Effect of the inorganic [0ading.............oooooiii i rcei e 87
4.3.5 Effect of sSweep Side RH.......iii e 89
4.3.6 Effect Of tEMPEIAtULE. ... ..o e e e e e e e e e e e e e e e e eeeereannes 90
4.3.7 Effectof membrane thiCKNESS............uuiiiiiiiii e 94

B MOAEIING ettt —————————————————————— a7
5.1  Free VOIUME TREOLY.....ccoi ittt ettt emmr e e e e 97
5.2 NELF MOUGEL.. ..ottt ettt e e e e e e e e e m e et eeeeeeeeeeannnn 100
5.3 Theoretical consideration on thermal treatmemid aging results............cccccceevviieen 103
5.4 Modeling humid gas permeability........cccooooiiiiiiiii i 105
54.1 Free volume based empirical Model.............c.oevviiiiiieecii e 106
54.2 Integrated NELF & Free Volume Theory approach...........ccoeevvvviiiceeiiiiiiiniinnnnenn. 114

5.5 Analysis of the facilitated transport: thickness influence..............ccccvvvieeeiiiiiennnenn. 123
(©70] 0 (o111 ] o] o KPP PPPPPPPPPPPPP 127
Y o 1= T [PPSR 133
A.1l. Thermal treatment and AgiNg in Matrid................ooeeeiiiiiiiccc e 133



A.2. Humid permeation in Matrimid...........ooooiiiiiiiiiii e 134

A.3. Facilitated transport MEMDIANES...........ooviiiiiiiiiiiieeeiee e e e e 135
BIDIHOGIAPNY. ...t a e e e e e e as 136
LISt Of PUDBICALIONS. ... ..ot eer e 149
ACKNOWIEAGMENTS. ...ttt e e 151

Vil






Introduction

Introduction

In the past century, due to a fast worldwide development of industrial production, an
intensive exploitation of Earth resources took place, especially in terms of raw
materialsconsumptionand environmental pollution. Starting from the*2dentury,

the climate changes, the rise of new developing countries, the elongation of life
expectation and thencrease ofworld populationstressed out that the old growth
concept vas not pursuable anymorandit was unquestionably necessary to adapt
new model ofdevelopnentwith a strong focus on sustainabilify]. Hence, one of

the biggest challenges currently facing the world is the elaboration of a shared
strategy to support a sustainable industrial grop@th

In process engineering field, a fundamental importance is attributed to the so called
"Process Intensification" strategy, whose purpose is the improvement of the
manufacturing and processisteps towardsinal products through theninimization

of the equiprent wlume, the energy consumptiothe waste production and the
environmental impadi3,4].

Membranebased technology falls excellently withifProcess Intensification
strategies since membrane units havesaaller ecological footprintompared to
traditional plants of corresponding capaciagnd have the potential to replace
partially or completely most of therfb]. Membrane engineering provided already
interesting solutions, currently applied at industrial scale, such as reverse osmosis
membranes for ater desalination, microfiltration and ultrafiltration modules for
pharmaceutical industries and barrier materials for food packdging

The appeal of gas separation membranes at the industrial level is constantly growing,
thanks to their competitivenes®mpared taraditional separation processgd 9].

Even though membrane technology potentialities were known long before 1980, only
in the past three decades thaitractivenesstartal to growth at the industrial level,
becoming a $150 million/year market at theginning of the year 2000 with an
expected 5 foldsncrease by2020[10]. The princip& applicationsin this field are

related to the separation of incondensable species. Besides nitrogen removal from
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Introduction

air, the CQ purification represents the largest area of membrane development:
natural gas sweetenirf§], postcombustion products purificatiorfg], refinement of
gaseous fuels from biological productifiil] and hydrogen recovery from water gas
shift reactord12], are only some of the possible applications exploiting membrane
based technologies for GQeparation.

Recently, the focu®f research has concentrated on the development of new high
performing materials able to make the teslogy suitable for a wide range of
applications and to increase the economic convenience of the separation process.
Among thenovel materialsfor CO, separationpolyimides represent one of the most
promising one, thanks to theimigh selectivity coupled ith good thermal and
mechanical stability9]. Other interesting clags of polymers are represented by
PIMs (polymer with intrinsic microporosity)which are denseelective layemwith
molecular sieving featureable to gueantee high trans membrane fly%3] and
thermally rearranged (TR) polymersobtained through a thermally induced
rearrangement of polymeric chaifis4] able to achieve high C{permeability and
good separation performanceurthermorethe transport properties of polymers can
be tuned also by embedding natiefis within the polymer matriXso called Mixed
Matrix Membranes MMMs), which are usuayl able to achieve an appreciable
transport rateenhancementith negligible effect on separation factdRemarkable
results have been obtained by using fillers with particulag &nity, such as metal
organic framework (MOFs)15], zeolites[16] or cyclodextrin[17]. In the end, also
groups with a specific C{reactivity could be included within the polymeric matrix,
achieving excellent separation performanceghbm terms of permeability and
selectivity[18,19].

However, albhough the performance achieved under "ideal conditions" in the lab
scale (i.e. low pressure, pure gas permeation experiments) are excellent, issues
frequently arise for the scalifngp of theprocess in real industrial conditionsuch as
plasticization aging andcompetitive sorptiorf20,21], which can be related tthe
presence of binary or ternary gas mixturés. addition, alsothe presence of
impurities and contaminants may create troublefor membrane separation

technology[22,23]. Therefore, theinvestigationof material transport propertiea
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the presenceof minor compounds (e.g. water, hydrogesulphide, small
hydrocarbons)and on a long time scale have to be carried out for a reliabie
complete materiatlescription. A lack of an adequatadwledge of these phenomena
canindeedjeopardize the future scalg of this technology.

In the present thesis warkwo different typs of membranes will be considereahd
studied as suitable materials for €©eparation a commercial polyinde, namely
Matrimid® 5218, whose separation mechanism is based on solution difftisémry,

and apolyamines (PAm) based mixed matrix membranes containing rawhiled
nanotubes, which exploit the facilitated transport mechanism to separatér@®

the other compouds present in the feed gas composition.

The influence of thermal treatment, physical aging and presence of water vapor on
the gas transport properties of the polyimide material will be investigdted.
particular, Matrimid self standing samples will underg different thermal treatment

and the transport properties will bexamined by means of permeability
measurements in pure gas permeationapparatususing CQ and CH, as gaseous
penetrantsAfterwards the performance stability ofamples with differenthermal
histories will be monitored for a period & months, in order to investigatiee effect

of the aging phenomenon on the polymeric matrix

The treatment protocol able to give the best performance in terms of separation and
stability, will then beemployed to studyhe effect of water vapor on gagrmeation

by means of a humigermeometer apparatusour gaseous species, with different
features will be used tocharacterize the material transport properiewide activity

range (0- 0.75) and uder different thermal conditions. At the same time, pure water
vaporsorption experiments will be carried ouatllowing a direct correlation between

the measured permeability and the water concentration within the membrane matrix.
Based on the dderwed resilts, a novel modeling approach will be proposed to
enlightenthe transport mechanismsvolvedfor the considered conditions.

On the other side, facilitated transport membranes will be synthesized and their
transport properties will be studied for highepsureseparationapplication, in
particular for natural gaswsetening Different polyamines will be usedh the

membrane synthesis together witlP®¥A-base networkacting as barrier substrate.



Introduction

Moreover, multi walled carbon nanoteh (MWNTSs) will be embediedin the matrix,

in order to avoidnechanical stability issugfequently suffered by #se membranes
under high pressure conditions. The transport properties will be characterized up to
28 atm and the influence of several parame(arsrganic loadingwater content in

the gaseous stream, operative temperature and selective layer thicluikdse
investigated in order to find the optimal conditions able to maximize the separation

performances.



Chapter 1

1. Membranes for CO, separation

In view of global warmingand climate changes related to the greenhouse effects,
CO, capture and storage is nowadays of fundamental importamze membranes
offer a valid solution for a wide variety ehitigation actions The CQ removal can

be performed mainly in two different eyis of the productive process. In pre
combustion separation, the acid compounds are removed from the gaseous stream,
such as from the conversion products of fossil fuel into,@@d H (e.g. steam
reforming followed by wategas shift reaction), natural g&xtraction and biological
energy production. The treatmemlps also to increadée fuel heating value and

is necessary to meet the specifications to avoid pipelines corro§ib@d].
Furthermore postcombustionseparation ifundamental to avoid large releases of
greenhouse gasés the atmosphergas the flue gas is mainly composed ®§, and

N>, coming from the air used on the combustion s{@g¢.
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Figurel.1 - Comparison between membrane and amine absorption processes,for CO
removal as function of the C@concentration and the gas flow rate (fr&af.[9]).
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Even though solvent absorption (amine or carbonate compounds) is still the main
separation technology applied for purificatioh gaseous stream coming from large
productive plants, membranes modules petes strongly with them in a wide range

of operative conditions and are commonly preferred to satisfy logistic constrains, e.g.
offshore installations, or when reduced size are required. AseshowFigure 1.1,
membranes are pratble in case ofhigh CQ concentration, able to ensure a
sufficient driving force, and for rather low flow rate, in order to limit the surface area
requiredto meetthe separatiogoal hence maintaining the economical convenience

of the process.

Membranebased gas separatiom & chemical potential driven transport process and

is usually performed through dense selective layers, which can separate different
gaseous species, thanks to their structural or thermodynamic properties. In Figure

1.2, a schematic representation of trensport across a selective layer is reported.
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Figurel.2 - Permeation process scheme in a selective layeadapted fronj26])

Among the intrinsic parameters, experimentally determined and useful for material

characterization, gas permeability is the fundamental one. Theoretically, it is
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described as the amount of gas permeating across the patylager per unit time

and unit area scaled on the pressure drop and the membrane thickness:

J &
piu - pid

P= (1.1)
whereJ; is the gas flux per unit area of thepeciesyiis the membrane thickness and
p", pi are thepartial pressureof componeni on the upstream and downstream side
of the membrane respectively.

Permeability can be expressed bgveral units, but the mostommon one is the

Barrer, defined as

omgﬁgiagmzammdcw—ﬂfL-

1Barrer=1 -
cnt @mHgG mGdPa

(1.2)

Another important parameter is the permeance, frequently used as refévefixe
separationtargets for real applications or to compare membranes with other
separation technologiest is defined as the ratio between the permeabditg the

selective layer thickness and usually measure@RtJ (gas permeation unit):

ct(STH  _ 3300 Mol

1GPU=10°—-2""7 =3 —
cnt @mHgG3 m’ 0Pa

(1.3)
Conceptually, sveral theoretical formalisms have been proposed to describe the
diffusion of small molecules across a dense polymeneraandlikely the most
accurate one is the Free Volume The(i#y'T) [27], whose exhaustive walthrough

will be given in Chapter 5Theoreti@lly, molecules motion through themembrane

can be described as a jumping mechanésm depends on the free voluif\g) of the
polymer as well an the availableenergy necessaryto overcome the polymer
polymer interaction forcesHence, he permeation of low molecular weight
penetrants can be viewed as a temperature activated process, involving local motions
of chains segments, schematically reported in Figure 1.3hw@mporarily permits

the opening of narrow constrioh separating volume elements.
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Polymer chain

Dissolved gas molecule

Figurel.3- Schematic representation of small molecules motion across a membrane

Based on the previous consideratidhe permeability coefficient tends to increase
along with the fractional free volumeFEV =V, /\E, \E is the polymer specific

volumé, and their relationship is expressed by means of an exponential equation:

. 84 B &
P=A@xmge —— .
=A '“88 FFV = (2.4)

whereA; andB; are constant parameters characteristic for the polpeaetrant pair.

In this view, he operative temperature plays a key rivleéhe permeation process
affecting the membrane performancéhe behavior is usually repented through
the Arrhenius equatio[28]:

. & E,. 8
P =R, &xpR —8 (1.5)
c RT =

whereEp is the activation energy of permeatidfp is a preexponential factorR is
the ideal gas constant ailds theabsolute temperature.
Increasing the degree oftad in the description, the transport of molecules aciess

dense selective layer can beepresented by the wekhown solution diffusion

mechanism[5]. Conceptually, the gas molecules permeation may be described in

three steps at first, the penetrant is absorbed in the upstream-ngasbrane

interface, thent diffuses acrosshe polymer layer and finallit is desorbed on the

downstream sideConsidering the sorption and desorption step at the equilibrium and

expressing the diffusion coefficient with Fick's latue penetrant flux can be written

as
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J =D, (5 c% (1.6)

whereqpis the partial pressure difference of componieatross the membranB;

is the diffusion coefficient ang is the solubility coefficientexpressed a®C, /Dp, ,

where ¢ is the concentratiojump between the two gasiembrane interfase(see

Chapter 2 for the exhaustive descriptiohfe permeability can thus be expressed as:
R = Di Cﬁ (1-7)

Solubility expresses the thermodynamic partitioning coefficient, wrdepends
mainly on temperature and penetrant condenk@gbiwhereas diffusivity is related to
the kinetic properties of the polymeenetrant system, function of temperature, size
and shape of the molecules amblume available for penetrant diffusion in the
polymeric matrix.The temperaturénfluence onboth coefficients can bexpressed
with a similar exponential equation, already reported for permeability X B).

. & E.. 8

D =D ,@x ’ 1.8

i i,0 F? R-I-g ( )
. a DHg d

S =S ,@x ! 19

(| 1,0 ? R-I- Q ( )

where Ep; is the activation energy of the diffusion procegsH; is the heat of
sorption andD;o and S are T independent prexponential factors. In this view,
Equation 1.5maybe decoupled into twoontributiors andEp; can thus be expressed
as the sum of the enthalpy of solutiqqpH;) and the energy required forag
molecule to jump from an available site to anot(t&y;).

The other important parameter is the separation faethich determinesat which
extent the separation is performed. In particular, considering two gaseous species

andj, the membrane selevity is defined through the following equatiofb]:

Yy
vy

a (1.10)

Ny
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wherey is the molar fraction ofspeciesi and| for the downstreamd and the
upstream ) side of the membrane. Usually, this parameter depends on the particular
process and the molar fractionust be experimentally detectddevertheéss,if the
downstream pressure approaches zero, the selectivity can be considered a
characteristicoof the ernary system represented by the polymeric matrix and the

dissolved penetrants. In this fashion the previous equation can be wrift29]:as

(1.11)

i

Yyl 1 Rp-pt, R
vy vy P el - P P

whereP; and P; are the permeability of the two gaseous speassalculated from
mixed gas permeation experiments. If pure gas permeability isdemesi respect to

the mixed onetheso called "ideal" selectivity can be defined:

P

¥ :¥ (1.12)

j,pure

This parameter gives only a rough estimation of the real selectivity, shee
simultaneous presence different penetrants can leaol unpredictable effects on the
permeation process, such as competitive sorption or penatcdunted swelling of

the membrane matrix, due to the mutual interactions between the gaseous species and

the single gas with the polymer structure.

Based on soludin diffusion theory, also the selectivity can be decoupled in two

different contributions:
a,=—=—L-"=4,C (1.13)

wherel]D is the diffusivity contribution to the selectivity, being thus related to kinetic
parameters, wherealcg expresses the solubility influence on the separation factor,

hence related to thermodynamic features.
Through the comparison of permeability andesévity values for different glassy
and rubbery polymer, whose separation properties are based on the solution diffusion

mechanism, Robeson in 19¢30] obtained one of the most helpful tool to judge the

10
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membrane performance, the wkhow Robeson Plotin Figure 1.4 the plot is
reported for CQCH, separation and the black dotted lines correspond to the
Robeson upper bounds, the statethe-art for theparticular separation in membrane
science at the time of the publications (1991 and 2008). Shifting the membrane
results towards the upper limdorresponds to an improvement of the separation
performance Similarly, alinear relation has been obtainedalfor other gas pairs
(CO./N2, Ho/CO,, O./N, and otherqd31]) when the selectivity was pl@td together

with the permeability ofthe more permeable penetrant. The shape of the found
correlations poird out the presence of a tradéf: an increase ofP; usually
corresponds to the decrease Wf and vice versa, so that the more permeable
polymers usually show the lower selectivity values. Moving towards the upper right
corner of the plotepresents thuthe biggest challenge for solutiahffusion based

membrans.
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Figurel.4 - Robeson Plot for CE&CH, separatiorf9]

Through theanalysis ofliteraturedataobtained for differengaspolymer systems, a

correltion has been found between the polyrransport propertieandthe kinetic

11
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and thermodynamic characteristics of the penetrant. In particular, it has been
observed that the diffusion coefficient scales accurately with the penhddraatic
diameter, whexas thesolubility correlates properly with the gas condensability,
related to its critical temperature. Table 1.1 summarizes the values of these
properties for the gaeous speciemvestigated in the present thesis. Combining this
information with the cooept described by Etion 1.13 it is easy to understand that
CO./H; separation is rather difficult to achieve for membranes. Indeed, thanks to the
small kinetic diameter Hdiffuses faster than CQOresulting in aUD < 1, but at the

same time, due to the higher critical temperature, i.e. condensabilityis@Gbsorbed
preferentially in the membrane matrix, giviltig> 1. The overall selectivity is given

by the relative amount of each term, however the competiteleawior of the two
parameters disadvantages the achievement of good separation performance. On the
other side, membranes can accomplish very good results fefCEQ or CO)/N,
separation, since the solubiliselectivity and the diffusivityselectivity reault
simultaneously higher than, thanks tothe smaller kinetic diameter anthe higher
condensability of C@compared with the other gases.

‘He H,O H, CO, N, CH,
d ( 0[;80,32]‘2.60 265 2.8 3.30 3.65 3.80

‘He H, N, CHs CO, H,0
Te (K) [33] ‘5.2 33 126 191 304 647

Tablel.1 - Kinetic Diameters and critical temperatures of the investigated gaseous species

Severalpolymeric materials have bealeveloped spanning ovemade spectrum of
macromolecules chemistry and resudt in very different morphology, such as the
amorphous, sengrystalline and crosslinked structureslowever, these last two
lattice configuratios are not very interestin@s membrane materialsince they
usually present very low permeability valuder all penetrants Conversely,

amorphouspolymers present interesting features for gas separation applications.

12
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Depending ontheir thermodyamic sta¢ atroom temperature Whether their glass
transition temperaturefg, is belowor above the atmospheric value) they can be
classified asglassy or rubbery polymers respectively. Rubbers are equilibrium
phases comparable, from the thermodynamic point eWyito liquids and they are
characterize by high values of the diffusion coefficients for all the gaseous species,
due to the molecular chain mobility and the high free volume. Hence, their

selectivity is principally governed by the thermodynamic fadijgri.e. by the gas

solubility. On the other side, glassy polymer &@zen in non equilibrium structures
and, due to the kinetic hindrance of chains relaxatibay present a rigid polymeric
lattice, so thatdiffusivity can vary significantly among thgaseous species. The

selectivity can be influenced from bofhandS, even though frequentl@dD is usually

thedominant factor.

Among all the materials recently developed, polyimitlase beershowedto bevery
promising for gas separation applicationsnce they are able to couple notable
separation performance with good mechanical and thermal staliikttyher than the
linear configuration, heterocyclic aromatic polyimides are the niotgresting ones,
sincethe imide group formed next to a benzene raupfers them aigh thermal
stability coupled with good physical and mechanical properties. Several
polymerization protocols have been develop@d], but the most common one starts
from the reaction of dianhydride and diamine monomers precursors (Big.Bly
changing the reactive moieties a large variet polymers can be obtained, normally
named and classified basing on the dianhydrie nature. The selectivity of these
polymers is associated to their rigid molecular chains, generated from the strong
intermolecular bonds between carbonyl group and th@gen atom, which impose
major constraints to rotation and mobility of tkbain elementsFurthermore, the
very high thermal stability (Jusually higher than 300°C) makpslyimides suitable

for a widevariety ofgas separation processes

13
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Dianhydrides Diamines

O (o] HQN NHQ
e Wat o
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=0

| NH,

O=

Figurel.5 - Typical dianhydride and diamine moieties used in polyimides synthesis

1.1 Aging

As previously reportedylassypolymerspresent astructure far from the thermodynamic
equilibrium condition and in particular they are characterized by an excess of the
thermodynamic quantities (volume, enthalpy and entropy) compared to the equilibrium
state[35,36] The distance from equilibrium generates a driving foeesponsibleof the
spontaneous evolutioof the polymer structurtowards a state closer to the fully reled
thermodynamic configuratiorrequenty, physical aging is manifestedroughvolume
relaxatiors [37] of the specimeand, in general, both physical and mechanical properties
are influenced by this phenomenadvioreover the agingprocess has been found to be
temperature dependemiolingdownthe samplethe molecular rearrangemertsusing

the specimen densificatioslow down since alower energyamount isavailable for

14
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chains relaxationA model has been proposed [8truik [38] to describe the physical
aging rateexpresedby means of the following equation:
AE_ - (F )

o_ W= V) 1.14
dt t(ET,-T) (1.1

where \E is the specific volume of the polymer at temperamre\g is the specific

vol ume at the equil i bragimgrtimeafnmttior{bf\Eiaedthehe char
distance off from the glass transition temperature.

Coupling the Struik model with the Free Volume Theory, previously mentioned
produces a theoretical interpretation of physical aging and of its lugnce on the
transport propertieB9]. Indeed, the driving force responsible of the densification of the
polymer structure generates a reduction of the amount of free volume available for
penetrants to diffuse across the membrane over [d@d1] In view of the mentioned
relationship between permeability and free volume (Eq. 1.4), the pgicegsdends thus

to reduce théransport rate across membrane, as frequently reported in litelré2,#8]

In this concernamong thelarge amount of investigatepbolymeric materials, polyfl
(trimethylsilyl)-1-propyng (PTMSP) presents the most representative results of this
phenomenonPTMSPis a glassy membrane with a considerably high free volume and
consequently very good transport properties of small size penetrants. However, its use on
real gas separation applimms was hampered by a fast aging rate, involving a quick
decline in the membrane performarj4].

Despite the negative effect on the membrane productivity, physical pgotyces
usually an increase of the separation faf4&;44] The reduction of voids dimensi®n
distribution affects more significantly the penetrant with the larger kinetic diameter,
enhancing the membrane selectiyiip agreement with Robeson dea off [31]. In
addition, the aging phenomenon has been denatadtto be thicknestependenthence,

to maximize the membrane permeance, thin selective layers (thickness < 1 um) must be
casted on pougs supports, but thinner films undergo a fast aging rate, which can be up to
an order of magnitude more rapid compared the thicker[88¢45,46]

Similarly to physical aging, also thermal treatment produces a contraction of the lattice
structure which resuls in a decrease of the voids sizes and concentratitme polymer
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matrix [36,47] Hence, the thermal history of the polymer results to be of fundamental
importance to dene its tranport characteristics, even though thencipal effect are
detected mainly in the region Ib&v T4 [38]. Accordingly, the timetemperature
superposition principle can be used in order to desthideolume relaxatioevolution

[48] and the gas transport propertiegiationsof a polymeric membrangl9] obtained
from different thermal treatmentMoreover, other authorsiggested that the variations

of transport properties due to the previous history and the aging phenonsmmt be
describedonly througha simplefree volumedecreasebut they arerelated toa more
complex rearrangemenaffecting also thechairs flexibility [50]. However, only few
literaturestudies are currentlydevoted to the investigation of thermal treatment effect on
glassy polymepermeationperformance, hence more efforts have to be concentrated to
achieve a full comprehension of this phenonmeno

1.2 Effect ofwater vapor

On the labscale the principal efforts for ovel membrane materials are often foedsn
maximizing the membrane performance and the measurement of permeability and
selectivity are frequently performed on pure or mixed gases dry dase. However,
minor compounds frequently present in real application, such as water, low molecular
weight hydrocarbons and hydrogen sulfi@&], can significantly affect the membrane
performance and their effect must be taken into account for a reliable characterization of
the separation process. Among théeost compounds, water vapor can influence the
membrane transport properties in various way, depending on the hydrophobic or
hydrophilic natureof the material and the affinity of J@ molecule with the gaseous
penetrant. Generally, hydrophilic materials unggea relevant plasticization in presence

of water vaporcausng an increase of thepermeability and thus of theproductivity;

on the other side, in hydrophobic matrixes the higher condensability of water favors its
sorption to the detriment of thehar gaseus speciesgenerating aedudion of their
transport rate.

Polyelectrolyte membranes (PEM), such as the perfluorosulphonated ionomers, due to the

presence of ionic groups, present a very high water uptake (up to 2(52f@nda
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relevant swellingupon sorption53]. Such a strong impact of water on the membrane
morphology influences significantly the transport properties and, in certain cases, it can
also affect lhe transport mechanism, reversing the material seleciB&ly Nafion and
Aquivion appear to be on a dry base He selective, but as soon as the R.H. of the system is
increased to 5% the G@ecomes the more permeable spediamy authord32,54,55]
suggested that under humid conditions water channels are formed across the membrane:
on a dry base the diffusion is mainly controlling tiezrpeation process, but in presence

of water vapor the transport mechanism is controlled by the solubility of the gaseous
penetrants in the 4 liquid domains, formed in the membrane matrix. An even more
drastic effect is obtained when the water vapor és@nmt in the gas permeation through
barrier materials. Microfibrillated cellulose (MFC) films displayed a water uptake close

to 10 to 12 wt%56] andas soon as the R.H. in the feed gas was increased to 20% the
oxygen permeabilityof the film increased of 2 orders of magnituded a further
increment was observeabproaching the saturation conditions.

On the other side, for polymers with a low water vapor uptake, the presence of water
concentration in the gaseous stream corresponds to a decrease of the transport rate across
the selective layer, due competitive sorption. The higher critical temperapm@motes

H,0 inthe competiomwith other penetrants for absorption in Langmuir voids. Polyimides

are known to be hydrophobic or weekly hydrophilic mateftal§. Theonly exceptions
represented byhe presence of sulfonated groups in the monomer steyctuhich
enhance the water uptae8,59] The CQ and CH permeability coefficients are
reported to decrease in 6FDA and BTibAsed plyimides increasing the water activity

of the feed stream up to 60% of the dry value, affecting barely the separatiorjGagtor
Similar results were obtained for a NTEpased polyimide, where the G@nd N
transport rates underwent a 52&6luction compared to the dry values at a water activity
close to 161]. Pourafshari Chenar et #.2] report comparable performance focarde

based polyimide hollow fiber membranes, whiereresence of watdyoth CQ and CH
permeabilities exhibit a decrease of 43% and 28% respectively. They investigated also a
PPO based hollow fibers module, which, due to the high hydrophobicity ofidherial,

showed a smaller decrease at increasing the water content in the separation process.

Moreover, Reijerkerk et aJ63], studying the PE@PCGbased block copolymer transport
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propertes under humid conditions, disclosed a marked dser®f gagCO, and N)
permeabilityat increasing the water concentration in the feed side, mainly related to the
weekly hydrophilic behavior displayed by the water sorption isothefonsthe
investigaéd R.H. conditions

Finally, also a behavior in between the two phenomena previously mentioned may be
obtained with a simultaneous occurrence of competitive sorption and-indieed
swelling. Bae et al[64] disclosed the permeation properties of a poly(arykther
sulfone)s membranes under humid conditions. They reported that bo#mdH
permeability values decrease up to a 30% relative humidity and then start to increase
along with the activit. The Q transport raténcrease®f 1 order of magnitude compared

to dry conditions.

As described, water vapor can thus affect the transport properties of a polymer in various
ways, which cannot be easily tailored in advance, unless a rough idea ohtaibed

from the materiahature. Therefore, the characterization of membrane performance under
humid condition is of fundamental importance for the reliable description of the material

potentialities for gas separation applications

1.3 Facilitated transportmembranes

All the foregoing considerations concerned materials whose separation characteristics are
based on a purely physical transport mechanism. A more efficiens€garation can be
achieved using membranes based on the facilitated transport meti@be6], which
exploits a chemical reaction between the,@@d basic compounds present within the
membrane matrix. As reported figure 16, besides the solution diffusion transport, the
CO, reacts withactive sites present within the matrix, producing a chemical enhancement
of the CQ flux across the membrane. The first facilitated transport membrane was
proposed by General Eleictin 1967, based on an cellulose acetate matrix swollen by an
agueous carbonate solutipd7]. Nevertheless,ni the past decade the study of these
particular membrane for GQeparation has accelerated sharply.

The reactive species are called carriers and they can be classified based on their mobility:

if the reactive moiety is linked to a low molecular weight @esoles and is able to move
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across the selective layer, they are referred as mobile carriers; on the other side, when the
reagent group is directly bonded to a long chain structure and its mobility is rather limited
in the membrane framework, they are idiged as fixed carriers. In this fashion, the £0
transport is given by a double contribution, the ordirieagisportbased on the solutien
diffusion mechanism and the carrier facilitated diffusion, due to the complex formation

based on the reaction betwe@0, and carriers.

Membrane

Feed Side /W\ Permeate Side

Facilitated Transport
Mobile
cor

Mobil Mobil -
\ AN >

Mobile

\ Carrier /
y N4
Non-Reacting Physical Solution-Diffusion H,
Gases:Hy, Nyt — — — — — — — — —— — »—— >N,
CO,CH, co

Figurel.6 - Facilitated transport mechanism across a selective layer (from Refgt8hce

When amines react with GQOthe reaction scheme can be described by means of the
zwitterion mechanism, where the carbamate ion is the activated complex respéorsibl

the CQ transport. For unhindered amines, a two step reaction is involved:
CO;+RNH;zZ R NH#COO (1.15)
RNH,+COO + RNH, 2 R N H C ®RNH;" (1.16

At first, a zwitterion intermediate is formed, which can then be deprotonated by amines to
form the carbamate ion. Consideritige overall reaction of Equation 1.15 and 1.46

single mole of CQis reacting with two moles of aminf&3].
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However, when sterically hindered amines are involved in the reaction, the scheme is
different. A sterically hindered amine is defined as either a primary amine in which the
amino group is attached to a tertiarylmar or a secondary amine in which the amino
group is attached to at least one secondary or tertiary carbon. Due to the attached alkyl

group carbamate ion is not stable in water and se@ti H,O to give the bicarbonate:
RNHCOO +H,0O 7z RNHCOs (2.17

In the overall eaction (Eg. 1.15, 1.16 and 1)1ohly one mole of amines reacts with the
solute, improving the complex formation per unit of amines present in the membrane
composition, hence the G@ransport69]. Zhao et al[69] demonstrated the importance

of steric hindrance for solid membranes containing amines.

Moreover, KOH, when present in the membrane composition, can also act as mobile
carrier, reacting with COto give potassium carbonate dabicarbonate (KCO; and
KHCO3) and the reaction for G&arrier complex activation is given by the following
equation70]:

CO*+Co,+H0 Z 2HCO (1.18)

Water plays a key role for the transport mechanism, since it is involved in the reaction
(Eqg. 1.B) and it also enhances the ions and small molecules mobility, due to the water
induced swelling of the membrane matnxhose highlyhydrophilic nature is ensured by

the large amount of amino groups present in the polymeric species

In the past decade, several study highlighted that facilitated transport membranes are able
to couple a large trammembrane flux with high Cg&selectivefeature[71,72] going
beyond the previously mentioned solution diffusion traffe For 2 atm pressure
conditions, Zhao & H(69] reported a C@permeability slightly higher than 300 Barrer
using only a fixed carrier (moderately hindered amines) together with @HEZO
selectivity close to 45 and a G, selectivity of 340. Neugheless, when part of the
fixed carrier was replaced by smaller amine molecules [15] a significant enhancement of
membrane performance was achieved {@®@rmeability of 6500 Barrer and GBI,
selectivity of 340), highlighting the fundamental importancehef carrier mobility for

the optimization of the facilitated transport. Similar results have been obtained by Zou et
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al. [73], where both mobile and fixed carriers were present in the selective layer
compositon.

Unless the outstanding results obtained, stability remains the main issue of facilitated
transport membranes, especially under high pressure condikems.authorg[18,74]
reported table performancef these materialfor a period ofmore than 400 h under low
pressure conditions. However, high pressure conditions represent the biggest challenge
for these particular membranes. Compaction of the selective layer could tadeipdse

such severe condition§/5], affecting drastically the separation performance and
threatening the membrane integrity. At the same time carrier saturation pher{@élena

can also decreaske chemical contribution to the G@ansport, influencing necessarily

the membrane efficiency. Bai & H@7] reported stable results for crosslinked RVA
based facilitated transport membranes at a feed pressure close to 30 bar, with a CO
permeability of 30Barrer and a C@H, selectivity of 18. Xing & HJ78] showed very
promising results for silicanodified PVAPOS membranes containing amines carriers at

a feed pressure of 15 atm. However, no letgn stability tests have been performed at

the present time.

Facilitated transport membranes represent thus a very attractive outlook for membrane
technology, mainly because of their ability to overcome the physical limits imposed to

the other materialsyhich based their separation property on physical mechanism.
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2.Mathematics of transport process

2.1 Diffusion in a plane sheet

2.1.1 Permeatioranalysis

Figure 1.2 representtie scheme of thdiffusion process ofgas moleculgs across a
plane sheetin absence of lkemical interactions between the involved compounds
From the mathematical point of view, the system can be described by means of
Fick's second law, for the partcular boundary conditions(i.e. constant
concentrations but different values at the twasmembrane interfac@sin case of

onedimensional diffusion procesd)d problemcan be addressed as follow

2

K op d 2.1)
TR
C(0.t) =C

1Cdy=c¢ 2)

The completesolution has beerproposed by Crank79] and assuming the initial
solute concentratioR; o within the membrane ntax negligible,the final expression
is:

22 Clcosnp-C"  nox & Dn°p*d
C(xt)=Cc'+(c?- cu Xy ' L sin—=ex| ' _
(en)=cr+(c?-cr) Sa=— e Rt Y

whereC" andC are the penetrant concentrations at themambrane interface in

the upstream andownstream side respectivelyrepresentghe timevariableand

is the selective layer thickness

When the system reachetie steady statgt Y ) the exponential term of the
proposed solution vanishes and only the linear dependence is left to describe the
concentration profile as a function the space variablence for the steady state

conditions Equation 2.3 turns into
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C-C' _x

W_Zl (2.9
whichrepresert thelinearconcentration profile showed in the Figure 1.2.

The permeability definitiongiven in Chapter 1(Eq. 1.1) is obtained from the
integration of Fick's first law foronedimensional diffusion of the gas molecules
[79], assuming the same conditions previously descridwe solute flux isthus
described as a product of the diffusion coefficient and the concentration gradient

calculated on théhickness direction (Fig. 1.2)
3 =-pd< 2.5
X

Assuming a system with homogenous propertigscan be considered independent
from the space variable, while the derivative term to estimate the concentr&ion,

can be calculated from Equatiorb2thus obtaining
J, =D, OT D, C& (2.6)

wherem Cis the expression of the driving force of permeation. When the diffusion
coefficient is not constant over the membrane thickness, a similar conclusion can be
obtained considering an average valDgaverage ASSUMing no externahass transfer
resistance and equilibrium conditions at both-gemmbrane interfaceso thatC;®d =

Ci both for the upstream and downstream sidbe solute concentration can be
expressed as a function of the penetrant partial prespyre the bulk fhase by
means of a thermodynamic partitioning coefficiammely thesolubility coefficient,

S:

C=5 (2.7

Equation2.6 can be thus used to describe the penetrant concentration at both gas
membrane interfaces, even if commotine solubility coefficient is different for the
two boundary conditions. In case that an average solubility coefficBekrage IS

assumed, it is possible to calculate the driving force as:
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Cieq,u _ Cieq,d — S,average. piu _ pid) (28)

When the sorption isother is linear with the solute partial pressucerresponding

to a constant solubility coefficien§, or if the downstream pressure is negligible
compared to the upstream one and assuming a constargivify with the thickness,
Equation 2.6 leads backo tEquation 1.8,which defines the solution diffusion
mechanism.

Furthermore, ie rate at which the solute is permeating at the downstream side gas

membrane interface is given by
o C ~

3|, =-D&=8 2.9)
Q HX +x=a’

SubstitutingC; from Eq. 23 and integrahg the calalated flux respect to time,
Equation 2.9returns the total amount of gas permeated through the downstream

surfaceQ, at time t:

t 2dS: Clcosnp-C'€ 4 Dn’p’t (@
Qft)=(c’-cCc')—+= i 4 - i N .
.() (I .), 22,1 2 g’L ex;? 8J (2.10)

Considering a negligible concentration on the downstream side of the membrane and
in the time limit approaching infinite values, &afion2.10 turns into:

D&'a d°d
(1) =— ! - 2.1
Qlt)=—- % 55 (2.11)
The line described by Eq. ZLhas an intercept &;(t) = 0, defined asime-l a g:, d
012
J =— 2.12
D (2.12)

In Figure 2.1 a tyjgal permeation curve is reportedhowing the time lag
extrapolationfor the given steady statdhe estimated valueallows the diffusion
coefficient calculation, hence the determination of the thermodynamic and kinetic
contribution to the permeabilityoefficient.
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Q(t)

Time

Figure2.1 - Curve describing the permeated gas over time, showing thédgne

2.1.2 Sorptionanalysis

When sorption measurements are performed the boundary conditions changes respect
to the previais case, giving a different solution for the kinetics of diffusion of
penetrant molecules in the specimen. Indeed, both slab's surfaces are exposed to the
same pressure, hence the concentration value at thmgabrane interface is kept

constant, correspaling toC;%:

G (0t)=CF

t20 (2.13)
C/(d,t)=CF

Assuming that the initial solute concentration within the sample is equalstahe

solution of Fick's second law is proposed by Crif:

C();t) Co . 45 [
C- -Ci,O pﬂ02 n+l

(2n+1)p gC (2n+1)px (2.1

a
% 40° 2d

From the concentration profile by integration on the xsaxiis possible to calculate

then the mass absorbed as a function of tivhé), that results to he
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M (t) _, = 8 A
M; ﬁfj}o(2n+1)2p2 £ a4

g (2.15)

whereM; is the final mass absorbed at the equilibrium condition.
The obtained relationship describes the diffusion kinetics in a sorption experiment
and it is very helpful to determine the diffusion coefficient, starting from the

experimental data, as it witle showedn the experimental part

2.2 Diffusion with chemical reaction

When a reaction is involved in the kinetics of small molecules diffusion across a selective
layer, the governing equations ruling the transport process must be updated, taking into
accaunt the reaction termsAlthough the reaction scheme usually rather complex,
frequentlya single overall reaction is considetedheoretically describe the process

A+B2 AB (2.19

where A is the soluteB is the carrier andAB is the activated complex. Using this
simplified approach, the solute A is absorbed at the upstreasimeyabrane interface,
reacts with the carrier giving the carrmwlute complex. As soon as the activated
complex reaches the other membrane interface diecomplexed, the solute is desorbed

on the downstream side and the aarisimmediatelyavailable for a new comptation.

A scheme of the described transport is reported in Figure 2.1. Under these hypothesis and
assuming a constant diffusion coeféiot for all the chemical species involved, the one
dimensional, steady state diffusion with reaction in an homogenous pe&dliean be

summarized as:

C _uC
uﬁ ) psz - KiCaCg +K Cpg (2.17)
uC _p*C
E - prB B kaACB +erAB (219
C ’C
uﬁ = HHXZAB + kaACB - erAB (2.19
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whereC,, Cg andCpg are the solute, carrier and activated complex concentrations at the
steady state, wherelgsandk; are the forward and reverse reaction constants respectively.

The total carrier concentratid@y present in the membraneatrix is given by
G =C+Cp (2.20
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Figure2.2 - Scheme of facilitated transport mechanism
In addition, assuming the hypothesis that the carrier compounds and thecadligie

compkexes are non volatile and are constrained to remain within the selective layer, the

boundary conditions are:

?X:O,CA:CAoauCAB :&:O

i o :l‘é 2.21)
Ix=d,c,=C,, =28 =28 -0

[ X X

However, despite the simplified approach (single overall reaction), a general solution
cannot be obtained for ¢hsteady state of the systedue to the non linearity of the
differential equations governing the transport process. Particular constrains must be
applied to achieve a solution for the specific case, but they will be discassethter

stagejn themocdeling chapter
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3.Experimental

In the presenthapterthe samples preparatigmmotocols and the experimental apparatus
will be descriled. All the experimentawork described in the present thesias been
developd in two different laboratories:hé polyimde characterization has been
performed in the laboratory of the Civil, Chemical, Environmental and Materials
Engineering Department of the University of Bologna, whereas the synthesis and
characterization of facilitated transport membranes carried ouat the William G.

Lorie Department ofChemical and Bimolecular Engineering of théhio State
University, during the periodpent in Dr. W.S. Winston H@search group.

3.1 Sample preparation protocols

3.1.1 Matrimid® 5218 Polyimide

The gas transport propertiesf a BTDA-DAPI polyimide ( 3, 3-Bbenzbphdndne
tetracarboxylic dianhydride and diaminophenylindanehose commercial name is
Matrimid 5218,supplied by HunstmaAdvance Materials were deeply characterided
Figure 3.1 the Matrimid structure formula igported.The polymer, received in powder
form, presents a glof about 320°(80], an average molecular weight of 80000 g/mol
[80] and a polydispersity index of 4[81].

Self standing Matrimid filmshave been obtained through a solvent casting technique,
starting from a 1 wt.% solution of polymer in high purity dichloromethane (DCM),

provided by Sigmé& |l dr i ch (anhydr o8k A maasured ampunt®f 9 9 .

solution was poured in a Petri dish, which was covered and left at room temperature fo
24 hours in a clean hood in order to allawlow solvent evaporation. The film was then
detached from the Petri dish and the sample was dried in an oven under vacuum
conditions for 24 hours, in order to ensure¢bmplete removal of the solvent.

For the thermal treatment and aging characterization, ddterent temperatures:iamely

50, 100,150 and 200°Cwere consideretb investigate the effect dhermal historyon
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the membrane properties. Hereafter the samples dried at different temperatuies will

indicated as Ma50, Mal00, Mal50 and Ma200, respectiwdlyreover, the aging

protocol consists in keepinghe samplesbefore and after their characterizatiamo a

controlled atmosphere chamber, purged with, gtieam to completely remove the water

vapa, possibly present. The specimensre tested to investigate the £@nd CH

permeability immediately after the thermal treatment (48 h after casting) and then after

1000, 2000 and 3000 hours. For the thermal treatment and aging characterikation, t
specimens thickness was measured with a digital micrometer (Mitutoyo) with a precision

of N 1 em and -5varcines wiietthweae ns tRa9%edmar d devi at i

T T
‘N%?@C\@[g 'O -

L H,C CH; _|p

Figure3.1 - Matrimid repesting unit

Corsidering the results obtained from aging study, the characterization of transport
properties under humid conditions was performed on Matrimid samples, thermally

treated at 20C. For the permeation experiments, the thickness samples was measured

by adigital micranet er ( Mi t uy ot o )andihewwlogsveeieabout268 im N 1 & m
with a standard deviation of @m. For the density measurements, thicker samples were

needed in order to decrease the experimental error related to the measurement. In this

case specimethickness was about 1406n £ 2 um.

3.1.2 Facilitated transport membranes
In the present work, PVAased facilitated transport membranes were studied in order to
investigate their properties under high pressure conditions. Due to their outstanding

mechanical pperty, aminemodified MWNTSs have been added to the solid composition
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as mechanical reinforcemetn, prevent the compaction of the selective laygpprted to

take place under high pressure conditidr$y.

3.1.2.1 Materials

Polyvinylalcohol (PVA, Poval £217, 92% purity, MW 150,000, 8§789% hydrolyzed)
was purchasedirom Kuraray America Incas a copolymer of vinyl alcoha@nd vinyl
acetatecontaining a minor amount of surfactant gro{g®]. Potassim hydroxide W
56.11, KOH, O ), yybtasatiehyde aqueous letion (MW 100.12 50 wt%g, 2-
aminoisobutyric acid (AIBA, 98%), -aminopropyiltriethoxysilane (APTES, 99%) and
ethylenediamine (EDA, > 99.5%) were purchased from Sigidech. Poly(allylamine
hydrochloride) (PAAHCI) with an average MW of 112,000 g/mol svaurchased from
MonomerPolymer andDajac Laboratories Hydrochloric acid (36.5% 38.0%, FW =
36.46), sulfuric acid (98%, FW = 98.08), nitric acid (2.6 M, FW = 63.01) and Acetone
(99.7%, FW = 58.08) were bought from Fist&rientific AIBA and PAAHCI were
neutralized using KOH before usage by following the proasiueported in literature
[69]. Lupamirf 9095 a commercial product froBASF, contains? wt% polyvinylamine
(PVAmM) and 14 wt% sodium formate in aqueous solutjg4,85] The PVAmM in
Lupamin® 9095 was purified using ethanol precipitatjB6]. No further purification
was carried out foall the other chemicals used in this work

The MWNTSs (GraphistrengthC100,0.11 1 0 e m i n i 15eum in dismeter1a@d
> 90 wt% purity) used in this work were gently provided by Arkemanoporous
polysulfone composite supports (average pore siZe 10 n m, t hickness
including nonwoven fabric) wagkindly provided by TriSep Corporation. Teflon supports
(pore38inmen, Ot hi c k n essppleddy W.I2 Goree&missocmateFeed
gas cylinders of certified gradegere purchased frorPraxair Inc The dry feed gas
compositons used in this workre: 20% CO,, 20.2% H, 59.8% CH and20% CQ, 40%

H,, 40% N. Prepurified argonvasused as sweep gas.
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ke
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Figure3.2 - Chemtal structure of PVAMPVA, APTES and AIBAK

3.1.2.2 MWNTs amindunctionalization

The raw MWNTs were functionalized by bonding amino groups on the graphene walls
and ending parts in order to increase their affinity with the hydrophilic membrane matrix.
The functionalization was caed out in twosteps as shosdin Figure3.3.

At the beginning500 mg raw MWNTs were poured intd20 ml acidmixture ©0 ml of
H,SO, and 30 ml of HNQ@ [87,88]) and the suspension was refluxed in a rotnottom

flask at 120°C for 90 min. After the reaction, the suspension was cooled down to room
temperaturefor 2 h The residual acidsvere removed and the productgere washed
several timesvith reverse osmosis (R@ater in a vacuum filter using Teflon filtration
membrane until the filtrate pH reached a constant vaiftig® consecutive washingshe
resulting aciedtreated MWNTs (ATMWNTS) were dispersed in RO water using a
ultrasonication bath (FS0, Fisher Scientic) for at least 10 huntil alimpid dispersion

(~1 wt% AT-MWNTSs) was achieved

In the second step, the surfa€@OOH and-OH moieties on the prepared AMMWNTSs

were further modified via condensation of small amine molecules to obtain the-amino
functionalzed MWNTs (AFMWNTS) [89,90] APTES was dissolved in acetone under
stirring to prepare a 5 wt% solution. The APTES/acetwlation was then mixed with

the prepared AMWNT dispersion at a weight ratio of 1:10 (APTESAMWNT) and
heated at 80°C for 30 min under vigorous stirring. Acetone was selected as the solvent
for APTES instead of water to prevent fast polycondensatic@Hfgroups in aqueous
solution[91]. The aggregates formatiovould leadto the development of larger particles

in the further functionalization steps. Finally, the reaction solution was ultrasonicated for

60 min, followed by cemmifugation at 8000 rpm for 2 min to remoysossible small
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aggregatesThe AFMWNT concentration in the centrifuged dispersion wasasued,

normally within the rang®.61 1 wt%.

H,50,- HNO4(3:1) ©
—
120°C, 2h
Under reflux "
(o}

RAW MWNTs AT-MWNTs

Figure3.3 - MWNTs aminefunctionalization

3.1.2.3 Membrane preparation procedure

Mixed matrix membranes were obtained by casting technique: the casting solution was
prepared by homogeneously dispersinglM®/NTSs in crosslinked PVA/amines aqueous
solution and then casted on a polysulfooenposite support. After water evaporation, a
thin mixedmatrix selective layer was formed on the support.

The polymeric matrix materials were synthesized by adtep crosslinking reaction
(Fig. 3.4). Initially, 3.3 g of PVA were completely dissolvedli8 g of water in a 250 ml
flask and stirred for 24 h under mild stirring at room temperature overnight. One gram of
APTES as well as a small amount (0.13 g) of HCI, ned¢dexhtalyzethe reactionwas
added to the aqueous PVA solution. The mixture wgsrgusly stirred at 80°C for 80

min. A solgel reaction took place via pebondensation athe hydroxyl groupson PVA

and silanol groups from APTES, generating a poly(vinylalcepoly(siloxane) (PVA

POS) network[78]. PVA has been demonstrated to be very stable both in acid and
alkaline environment©2].

The second step involves a basadhlyzed crosslinking reaction, using glutaraldehyde as
crosslinking agent. Firstly, 2 g of KOH were added to increase the pH and then the
agueous PVAPOS stution wasstirred for 15 min at 80°C. Afterwards, a stoichiometric
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amount of glutaraldehyde was poured into the solution drop by drop under stirring to
achieve a 100% crosslinking degree. The crosslinking reaction was carried out at 80°C
for 2.5 h under mgorous stirring,able to preventhe occurrence of gel formation. As
showed in Figure 3.4, the crosslinking takes place via condensation reaction and PVA is
covalently linked due to intermolecular acetal linkaldés78]

After stirring for 10 min, the mixture was ultrasonicated for 2 h to get theMA¥NTS

well dispersed in crosslinked PVIROS solution. Based on the desired membrane
composition, calculated amounts of polyamine solution, AHAolution, KOH solution

were sequentially addento the crosslinked PVAROS/AFMWNT mixed solution under
vigorous stirring. AIBAK (sterically hindered amine) and KOH acted as mobile, CO
carriers. The longhain polyamine(PAm) was used as fixesdite carrier and the
performances of three polyamine ustiures (i.e., PAA, Lupamfit®095, and purified
PVAm from Lupamiff9095) were evaluated. All the fixed carriers used in the present

work belong to the unhindered amine family.

b d i 7
OH OH OH OH OH OH M lxo °*C/OH
H
+ et
OCHzCHg
HaCH,CO-Si,_~_NH; s o) :.0 s o
OCH,CHy T /\\ \S_/ a0 /
L/\ . . A 1\ Si~—__
~ ~ 51-O0-C - OH
l 80 °C/* C-0-C i ()F / oH
) NH; NH,
HoN HO NH,
HO.
W Y \Si—o\,g - \é /\/
(e} 7si N
O OH ”\Si/“\Sii%\ o~ o 7 o/\' o NG Si-0Si
o I \L/Si\OH M
NH,  NH2
Solgel reaction Crosslinking reaction

Figure3.4 - Reaction scheme for the PMPOS networK78]

The casting solution was prepared highly viscous in order to minimize the penetration

into the pores of polysulfone support. Buch a viscous solution, the residual
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glutaraldehyde reacted actively with the lesttain polyamines to form higmolecule
network, resulting in rapid gelling, even severe phase separation, in the casting solution.
In this work, EDA was added into thestimg solution (7 ~ 8 wt% of the total solid
composition) to interrupt the reaction between glutaraldehyde and polyamine, making it
possible to prepare a highly viscous, homogeneous casting solution without [@d]ing

In the end, the homogeneous casting solution was cast on-shdktt polysulfone
composite support by means of a GARDCO adjustable micrometer film applicator (Paul
N. Gardner Company) with a controlled gap setting. Water was then evabpoatethe
casted aqueous solution by convective air flow at 105°C for 20 min, followed by
membrane curing in a muffle oven at 120°C for &hthe complete removal of water

and completehe crosslinking reaction for PVA with glutaraldehyd@ue to its bding

point (108°C), EDA is believed to be completely removed during the curing pi@&3ss

A sketch of the membrane preparation protocol is reported in Figure 3.5, whereas a

complete list of the membrameomposition is reported in Table 3.1.

- ‘ AF-MWNTs
Aqueous - u
PVA Solution
AF-MWNT ,-—-._ Sonication
Dispersion —
Mobile &
/ Fixed
OHC(CH,);CHO Carriers
& KOH
H ; . Il Casting
R D l Solution
5 5 5 Crosslinking Crosslinked —_ Vigorous
at80°C, 2.5h  pya Solution _ Stirring l
— g__,__fﬂ\\ Knife
Curing ngastmg
TR \ el
Nonwoven 7 MWNT-Based 0 :
Fabric Nanoporous Mixed-Matrix L
Polysulifone Membrane o

Figure3.5 - Membrane preparation protocol (figure originally prepared byyBnan Zhao)
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The total thickness of each solid membrane was measured by a Mitutoyoretect
indicator (Model543252B) wi t h an accuracy of N 0.5 &m.

layer was calculated by subtracting the polysulfone support thickness from the total

thickness.
Sample PAm PVA AF-MWNTs KOH APTES PAm AIBA-K HMyS
(Wt%) (wWt%) (Wt%)  (wt%)  (wt%)  (wt%)  (wi%)
S01 A 20.2 2.1 19.0 5.4 22.3 31.0 32.9
S-02 A 20.5 2.2 16.8 5.2 23.6 31.7 335
S03 A 22.8 1.9 19.3 0.2 28.2 27.6 32.3
S04 B 20.9 2.2 17.6 5.3 24.4 29.7 37.0
S-05 B 23.6 2.4 14.8 4.9 29.3 25.0 42.9
S-06 C 25.2 25 19.4 5.2 20.9 26.8 51.3
S07 C 24.1 2.4 17.7 5.0 24.0 26.7 53.2
S-08 C 23.3 2.3 17.1 6.1 25.8 254 55.2
S-09 C 24.0 2.4 16.3 6.1 26.4 24.8 56.5
S-10 C 23.7 2.4 16.5 6.0 26.1 254 55.8
S11 C 23.6 2.3 16.7 6.3 26.2 25.0 56.0
S12 C 24.2 0.0 17.1 6.4 25.5 26.8 56.1
S13 C 22.9 6.9 15.6 5.8 25.2 23.6 53.9
S14 C 23.6 2.3 10.6 6.3 46.4 10.8 76.2
S15 C 23.6 2.3 214 6.3 46.4 0.0 76.2
S16 C 23.6 2.3 26.8 6.3 41.0 0.0 70.8

Table3.17 Total solid compositionsfdMMMs synthesized in this work
(polyamines, PAm: A = Lupamih B = Purified PVAm, C = PAA)

3.2 Permeation

Several permeation experiments have been performed for the different materials

presented in this wr In the paragraph,three permeation apparatusesple to
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characterize the membrane transport properties under different operative conditions, are

described.

3.2.1 Dry gas permeation

The dry gas permeation apparatus afidav characterize the transport properties under
dry conditions and in particulggermeaility and diffusivity of a particular penetrant can

be measured. Hence, by means of the solution diffusion theory, alssoliality
coefficientcan be estimated

The apparatus is based on a barometric technigwdich diffusivity and permeability
areevaluated by monitoring the pressure variations downstream volum&y [94]. A
layout of the apparatus is reported in Fig3té. The sample holder (Millipore high
pressurdilter holder, diameter 25 mm, filtration area A = 2.2%miivides the system in

two parts: the upstream high pressure side and the downstream low pressure side, whose
volume is known from a previous calibration. The whole system is placed inside an
incubator with a PID control systenwhich allowed a temperature managemenga
range from 25 up to 80°C with an accuracy@f.1°C.

Thermostatic chamber

i N D(} Sample
: Holder
l g PEESeEs ==E¥
| Penetrant ! V05 Vo4 |
| Reservoir | I
| I . Downstream |
| vor X ® Volume |
I
BT el J
I T e | BNy e T e e R il

@ To the vacuum pump

Figure3.6 - Dry gas permeation appara{@s]
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After evacuating the sample completely and having performed a vacuum test to ensure
theabsence of leakshe valves V05 and V06 (Fi§.6) areclosed to isolate the samples
from vacuum. Subsequently, valve V02 is opened, so that the upstream side of the
membrane is exposed to the penetrant prespuegiously loaded in the reservoand

the experiment begins. Simultaneously to the opening of valve V02, the acquisition
software to monitor the downstream pressure variation is started, therefore the estimation
of the characteristic time of diffusion is allowedhen steady state conditionsear
reached, the permeability is calculated from the permeability definition 1Hg,
describingthe molartransmembrandlux by the variation of the downstream pressure

through the ideal gas law:

Qo

d,dg o Ve o d
dt = RO A (piu' pid)

o

(3.)

"083?8

ol
'

OO, rracasaas /

A\ \\\\\\\\ FEEEEEEE

Downstream Pressure
1v/dv

Time
Figure3.7 - Typical drygas permeatioaxperimenputput

In Figure 3.7 a typical output from a pure permeation experiment is showed: the red dots

indicate the variation of the downstream pressure over time as directly dctoine
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manometer, whereas the blue dots represent derivative term calculated for a given
pressurdime interval, chosen according to the process overall kinetics.

The present experimental set affows alsoto analyze the kinetics of th&ansport
proces, to obtain the average diffusion coefficient through the so calledidigmethod
theoretically described in paragraph 2.1.1. By means of Equation 2.12, the diffusion
coefficient can be directly calculated from the measured data, estimatingftben the

best fitting line of the pressure variation with time (red curve), as showed in Figure 3.7.

3.2.2 Humid gas permeation

The humid gas permeation apparatus allows the evaluation of the gas permeability in a
polymeric matrix in presence of a vapor imetpermeation process. Similarly to the
system described in the previous paragraph, the permeability measurement is based on a
barometric technique and in particular on the evaluation of the pressure variation in the
downstream side of the membraWéateris the more common vapor used to perform this
test, due to itdrequentpresence in the feed stream for many separation prodéd$es
scheme of the apparatus is reported in Figure 3.8 and a brief description of the test
protocol will be discussed below.

After the sample is evacuated to ensure the complete sokmoval, the membrane is
firstly conditioned with water, equilibrating the specimen at the water activity considered
for the experiments. During the time needed by the membrane to reach the equilibrium
conditions, a humid stream is created at the samierwactivity, by splitting the
incondensable penetrant coming from the gas cylinder in two streams.r@eh bs
saturated by bubblinimto a reservoir filled with liquid water, and is subsequently mixed
with the other dry branch. High precision flow catlers (dry branch FC01, wétanch

FCO02, Fig. 3.8), purchased froBronkhorst (Model El Flow), allow to adjust the R.H. at

the desired value, measured by fmidity sensor(Vaisala, HMT 330 Series). To
prevent any effect on the membrane, the humid stresacreatedby flowing on the
bypasscircuit and released in the atmosphere (bypass valve V01, Fig. 3.8).
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Figure3.8 - Scheme of the humid permeation test appar@sdapted from Ref53])

When the water sorption reaches the equilibrium, the upstreanofside membrane is
washed with the humid stream previously created, closing the bypass valve and opening
the valves V02 and V03. Simultaneously the acquisition software is started, in order to
monitor the downstream pressure variation over time. A typiggdut obtained from the
apparatus is reported in figure 3.9.

The initial transient phase undergone by the system is usually related to the slight
differences between thR.H. value of the feed stream and the activity at which the
membrane has been egjrhted. Hence, the initial pressure variattamnot be attbuted
specifically to anygaseos species present in the systétowever, & soon as the water
concentration within the membrane matrix will reach the real equilibrium condition with
the activiy of the feed strearfthe time required is different for every single tese

H,O chemical potentialp.o) will be equal on both sideof the membrane and the
variation of the downstream pressure can be attributed only to the incondensable species.
When the pressure variation over time reaches a constant value the permeability at the
particular water activity can be calculated by means of the same formula used for the dry

gas permeation apparatus (Eq. 3.1).
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Downstream Pressure
W/dy

Time

Figure3.9 - Humid gas permeatioexperimenbutpu

The scattering of the dashowed by the flux (blue curve) at the steady state are mainly
related to the vapor pressure adjustment due to very small and uncontrollable temperature
fluctuations inthe system, which affect necessarily the R.H. of the gaseous stream.

Both the dry and humid permeation apparatus have been used for the characterization of

the Matrimid transport properties.

3.2.3 Mixed gas permeation

To characterize the performance of thelftated transport membranes mentioned in the

first paragraph of the present chapter, a mixed gas permeation apparatus has been used.
Differently from theprevious permeometerpermeability isevaluatedmeasuringthe

gaseous streamsoncentrationdby meas of a gas chromatograph (GGhdeed, the

sample is continuously washed the upstream sidéeédgaseous mixture with different
composition)andon the downstream sideweepgas, Argon)After the sample holder,

the obtained retentate and permeateastie concentrations are constantly analyzed for

the entire duration of the tesh Figure 3.10 the layout of the apparatus is shq@ep
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The membrane sample was held in a circular stainless steel cell with an active area of 5.7
cnt and tested with countercurteffow pattern between the feed and the sweep sides in
order to maximize the driving force across the membraéhe.whole system was placed
inside an oven with a v accurate temperature control (BEMCO InG@he dry gas flow

rate was obtained by meanstoghly preciseflow meters (Brooks Instrumenand set
equal to 60 criimin and 30 crifmin in the feed and sweep side respectively.

Both the feeekide and the sweepde relative humidities wercontrolled by highly
precisewater pumps (Varian ProStar, el 21Q. The liquid was mixed with the feed
and sweep lines inside the humidifiers, previously packed with filling material in order to
increase the mixing and ensure thehievement of the calculatd®RlH. values inthe
streams. The water flow rate wad dédferently according to the temperature, pressure
and relative humidity conditions fixed for the specific test and they will be specified

during the results description.

Back Pressure
N, Purge Oven Regulator

—(Orek—

Water Reservoir |:| Humidifier
Water Pump y K R .
Permeation Cell [ ae
Feed Gas =|_| ’ Water
L T ‘_| Knockout
Mass Flow-meter ] .;ﬂ Lre
Water Reservoir |:| Hurmidifier Lf‘
Water Pump 4 i Water
+ Knockout
Sweep Gas im —+ N, Purge
L

Mass Flow-meter

Figure3.10- Mixed gas permeain apparatus layoyoriginally drawn from Dr. Jian Zou)
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The retentat@and permeatside gas samples were analyzed by onlexe @hromatograph
(Agilent 6890N [18,69,78] using a micrgpacked column @elco Carnoxen 1004
(Sigma Aldrich).

For the permeability calculation, the logarithmic mean mettiegl 3.2) was used to

calculate the average pressure jump across the membrane:

m — (pi,feedin - pl,sweep)ut) - (pi,feedout - pl,sweep'n)
i
In( pi,feedin - pl,sweep)ut) - In( p|,feedout - pi,sweep'n)

(3.2)

where the different gas partial pressuerevobtained from GC measurements.

3.3 Sorption

The vapor sorption experiments goerformed using the ugrtz spring microbalance
apparatugQSM), whosesketch is showed in Figure 3.1lhe quartz springsi mounted
inside a glass column endowed wathvaterjacketfor temperature controlhe sample is
hanged on thepringhook by means of a sample holder obtaiwéthi an aluminum sheet
wrapped with a copper wire. Befostarting the test, the sampteavacuated overnight to
ensure the complete removal ohpé&ants within the specimen matrbo this purpose, a
vacuumpump (Edwards, ModeRV3) is used and a liquid Ntrap s inserted on the
vacuum line to avoid vapor condensation in the pump oll

The liquid penetrant is stored B500ml volumeand vaporizednto a 4 L reservoir
(vapor reservoirFig. 3.11) up to the desired pressure. Stainless steel tubes and valves
allow connections between the different parts of the apparatus and to the \systiemm

A heating tape wrapped all around the manifold previrggpenetrant from condensing
along the tubeds he spring, purchased from Deerslayeasa sensitivity of 1 mm/mg and

can hold a maximum load @D0mg.

The samplebehavioris monitoral through a CCD Camera (Series 600 Smartimage
sensors) mariactured byDVT Corporationequipped with additional lenses (25 or 35
mm) and some extenders to optimize magnification and focal distance during different
experiments. A strobe led array illuminator, model IBRAhas been placed behind the

glass column to achievedloptimal illumination and the maximum image contrast.
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3.11 - Quartz spring microbalance layout

After a vacuum test is performed to ensure thseace of leaks, a certain penetriant
vaporizedinto the vaor reservoireaching a certain pressure valuih the valve V04
closed in order to prevesorptionbefore starting théest. Once the vapor pressuse i
stable, the acquisition is started and the valve V04 is opdnglly, due to the
expansion thgyenetrant pressure drops down, but after few seconds reached a stable
value, which remains usually constant for the entire duration of the singlahsstbing

the penetrant, theample gains weight producingsaring elongation. Knowing the spring
congant and monitoring the spring length variation with the camera, it is thus possible to
correlate the number of pixels recorded by the CCD to the amount of vapor sorbed within
the polymer matrix.

In Figure 3.12 a typical output of a sorption experimemeported. The Fickian kinetics

of the sorption process is evaluated based on the solution proposed by Crank, described
in paragraph 2.1.3. With particular reference to Eq. 2Z34&an be directly estimated

from the best fitting of the experimental datétaining an average diffusion coefént

for the given pressure jumPn the other side, solubility is calculated directly from the
equilibrium valueMp and the iitial mass of samplél,. The measuregs commonly

corrected taking into account the buoyaneyen though its influence the present study

43



Chapter 3

was generally negligibldue to the very low vapor presswsed for the experimenéd

to the reduced sample size (~ 40 m@ced on the hook of the spring.

Normally, the sorption isotherm is obtained fyccessive incremental steps, in which
every time the pressure is increased of a certain amount. In addition, starting from the
measured solubilityand the estimated diffusion coefficiefdr the pressure increase
between two consecutive stefise permealhty value can be calculatecccording to the

solution diffusion theory.

GO 1. (T 7 (i A o F e
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O Experimental Data
Fick Solution

r0.5

3.12- Sorption experiment typical output

3.4 IR Spectroscopy

The IR spectroscopy has been used to detect the residual solvent prése membrane
matrix after different thermal treatment and to investigate the afuamaionalization of

the MWNTSs used in the facilitated transport membranes as a mechanical reinforcement.
For Matrimid study, absorbance spectra were taken from aldllicAvatar FTIR
spectromete(32 scan per spectrum with a resolution of 4%%npresent in Bolognalab.

A small amount of polymer solution has been poured directly on the crystal and then the
first spectrum has been taken after 24 h in order to repeothe same conditions

obtained before the thermal treatment. Being the FTIR crystal cell equipped with an
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accurate PID thermal control, a T rafisC/5 min)has been set to reproduce the heating
rate of the oven used for the pretreatment. FTIR spectra then taken at different T
(namely 50C and 150C) to verify the presence in the sample of residual solvent.

To confirm and characterize the amifumctionalization of the nanoparticles added to the
membrane composition, sormienctionalized fillerssampes have beeanalyzd with an
FTIR spectrometer (Nicolet 470pue to the significantly high MWNTs absorbance of
infrared rayq97], the samples have to be dilutedh a certain amaut of KBr, which is
known to have a negligible absorption in the infrared spectiitire. solid samples of
MWNTs and KBr are firstly pulverized and subsequently compressed in a pellettizer, in
order to obtain a pellet suitable for the FTIR characterizatomeight ratio of 1:20
(MWNT to KBr) is used.

3.5 Density

The density of several polyimide samples has been determined by means of a buoyancy

method, using a Sartorius analytical balance (readability 0.01 mg) an8atharius

Density Kit YDKO1for density deermination (Fig. 3.13).

Basically, the measurexploits the Archimede principle and in particular the polyme

density is calculatedtartingfrom the specine weight n air andn a fluid, with a known

density To minimize the errors related to the meaastent, a liquid with a negligible

sorption within the polymeric matrix must be utilizén the present casBodecane was

identified to be the optimal medium to carry out the test. Indeed, it has been showed that

Matrimid samples immersed in such saivdisplayed a mass variatidower than 0.3%

after more than 1 h experimg@8].

The density calcutaon takes also into accoutfte air buoyancy related to the metatesi

composingthe hangerwhich remainoutsde the liquid. The formula adopted for the

calculationis the following:

e! Wy —+7,
(\NA - WL) @F

rS:(rL-rA) (3.3)

wherej sis the density of the samplg; is the liquid densityj 4 is the air densityW, and

W: are the sample weights in the air and in the liquid respectivelyCGihas the

45



Chapter 3

correction factors which takes into account the air buoyancy of the wires comgussing t
hange{99]. This correction is estimated on the basis of geometrical consideratitims on

hanging structure and is calculated as follow:
d2
CF=1- 2F (3.4)

where d is the wires diameter anD is the becher diameter, which for the specific
configuration are equal to 0.7 mm and 76 mm respectively.

3.13- Sartorius Density kit layout
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4.Results

In the present chapter, the experimental characterization obtained for the two considered
materials will be reported. In the first part, the results obserdadng a period of 6
monhs, for the different thermal treatments of polyimide samples will be predent
Subsequently, th@rotocol showing the best performance in terms of separation and
stability will be adoptednd the effect of water vapor on the gas transport properties will

be illustrated for different gaseous species {GTH,, N, and He). In order to achieve a
throughout characterization, humid gas permeability tests and pe@e ddrption
experiments will be carried out. Finally, the £@®eparation performance of the
syntlesized facilitated transport membranes will be examined, highlighting the key
parameters able to ensure the membrane stability under high pressure conditions and to

maximize the separation efficiency.

4.1 Aging and thermal treatment effect in Matrimid

As previously described, the structure of polymeric materials in glassy state is kinetically
packed in a nowquilibrium condition, determining the presence of an excess free
volume (Fig. 4.1),with respectto the real thermodynamic equilibriufi38]. Due to
kinetic constraints the additional free volumeannot rapidly rearrange to facilitate
molecule transporfaind for the diffusing penetrantsesults as a sort of rigid nanoporous
structure.The distance from the true thermodynamic equilibriurawever, is only a
pseudestable conditionsince itinvolves the presence of a driving force, which leads the
structure to evolve over time towards the fully relaxed configuration. The molecular
chains rearrangemenivhich are very fast in rubbers, are now hindesed theytake
place on arerylong time scalavith respect to normal experimental conditions.
Therearrangements ratsbviously dependsn the distance from the equilibriumnd in
particular on the energy available to activate the chain mdtiothis view,the proces

time scalecan be acceleratedybincreasing thesystem temperature due to the

enhancement of thenergy availale for relaxationphenomenaAs a consequence, the
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physical properties of glassy polymers are thus affected by thermal H¥1950,100
102] and physical agin§B9,44 46,103,104] which influencehe amountof free volume
of the polymer andhecessarily alsdts transport propertiesaccording to the FVTIn
particular high temperature treatmerind aging usually cause densification of the
polymer matrix thusaffeding negativelythe membrane permeability, althoughslight
improvement ofselectivity is usually observedHowever since the increase# U is
usually not enough to offset the productivity loss, dlierall effect of suclphenomenas
a reduction of membrangerformancesUnderstanding the effect of aging and thermal
treatment on membranes materials is thus needexVatuatetheir real potatial for
industrial applicatioa
In order to investigate the effect of thermal treatment and physical aging on polyimide
materials, the gas transport properties of Matriig) ~ 300°Chave been characterized
after different curing temperature (50010150 and 200°C) and aging time (48, 1000,
2000 and 3000 h). In particular @@nd CH, permeability and diffusivity have been
measured at different operative temperature (35, 45 and 55°C) by mearbyofas
permeometeapparatusalowing also the caldation of solubility coefficient according
to thesolution diffusiontheory

v A

Glassy State i Rubbery State

Equilibrium

HeeVOhHHEI Condition

Excess

T, T

g

Figure4.1 - Polymeric material specific volume as a function of temperature
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4.1.1 Thermal treatment

The results obtained for waged samplescured with different thermal protocolsare
reported in Figure 2.and 43 for CO, and CH respectively. The datahow that the
thermal history is clearly affecting the polymer transport properties: at 35°C, the CO
permeability drops from 17.8arrer observed in Ma50, to 11.8, 9.7 and 9.5 Barrer
measured in MalO00O, Mal50 and Ma200, respectiveédppéndix, Table A.1).
Permeability is thusonstantly reduced by increasing theingtemperature up to 1505;C
showinga 50% drop (Fig. 2). However,a further T increaseSample Ma20pdoes not
showany significant variation, suggesting that a sort of platEauCO, permeabilityis
achieved As expected, by increasing the test temperature (45 ai@),59ermeability
values increase for each pretreatrhtemperature considered. Clearly, similar trends
were obtained at the three operative conditions as a function of pretreatment temperature.
Analogous behavior was also observed for, Qb€rmeability: at 35°C, the permeability

of Ma50 sample was 0.46 Bar, and decreased to 0.30 Barrer for Mal1l00 and to 0.24
Barrer for Mal50. Similarly to what observed for £&lso methane showed no
significant changes between Mal50 and Ma200, at 35°C as well athexttest
temperatures. Both G@nd CH permeabilityof Mal50 and Ma200 samples are in good
agreement with literature data, for those cases in which similar thermal pretreatdent
casting proceduresf the samples were carried @05 108]. Indeed it must be taken
into account thaalsosolvent used to obtain the casting solutian affect the transport
properties[109] and DCM s reported to productatrimid samples with the highest
permeability with respect to the use of other solvents suchkimasthylformamide
dimethyacetamide rotetrahydrofuran Indeed, due to its rather low boiling point,
evapordéon rate is faster for DCM than for the other solvents, resulting likely in a higher
amount of free volume in the matrix, compatible with faster penetrant diffusion.

The diffusivity values obtained from time lag measurements (EQ) 2re showd in
Figure 44 and 4.5 All values are in the order of 2@&m?s and are in good agreement
with data usually observed in glassy polymers and in particular with those already
available for carbon dioxide and methane in Matrifdid6]. As expected, the penetrant
with the larger kinetic diameter (GHshowed lower value of diffusivity whit relative

differences even higher than thaskich could be observed for permeability, confirming
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that the change in permeability due to thermal pretreatment or aging is mainly driven by

the evolution of diffusivity rather than solubility coefficient.
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The relative variation of diffusivity and permeability due to thermal pretreatment is
reported in Figure &.for the different sample inspected. The behaviors shldvy
diffusivity and pemeability are very similar, with a largariationbetween from Ma50

and Mal00 and generally minor changdsetween Mal00 and the samples treated at
higher temperatures.

The experimental data set is particularly interesting because it shows substantial
differences in the polymer properties even though the pretreatment was always conducted
below the polymer glass transition temperature, where the relaxation phenomena are
usually considered slow. However differences are definitely evident and suggest a well
defined evolution of polymer free volume with the pretreatment conditions. The high flux
observed in samples treated at the lower temperature seems thus to be related to a larger
fractional free volume available in these specimens, which decreases vgier hi
pretreatment temperatures are considered. In this concern, it is interesting to notice that
Comer et al[110] identified a secondary relaxation for Matrimid at 80°C, which can be
responsible of the observed variation of transport properties with thermal treatment; the
fact that the maximum changes in transport properties are observed between Ma50 an

Mal00 samples therefore is fully consistent with that interpretation.
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Figure4.6 - Relative diffusivity and peneability as function of theeatmenfl
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As a possible alteative motivation for the observed behavior one could also consider
that the solvent might not have been fullyaporatd from the agast samples and is
progressively removed as the pretreatment temperature is increased. Jolyl kt] al
disclosed that the gas transport properties of polyimides can be greatly affected by the
presence of residual solvent within the polymer matrix. FTIR analysi$den carried

out to investigate the presence of desil solvent within the matrix and the results are
showed in Figure Z. At first, a spectrum of the solvent has been naldack line).
Afterwards a Matrimid sample was casted on the FTIR crystal, as described in paragraph
3.4. A spectrum of the polymevas taken after 24 hours from casting, to reproduce the
experimental condition after solvent evaporation (red liSepsequentlya temperature

ramp was set up to 50°C and a spectrum was taken after 24 hours treatment, in order to
re-create the oven corimbn (blue line). The same procedure was repeated for a higher
temperature (150°C), to evaluate possible differences between the two thermal treatments

(green line).
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Figure4.7 - FTIR spectra oDCM anduntreatedMa50andMal50samples

Comparing the spectra of the untreated and the 56f€d polymer in the DCM

characteristic region (68370 cm’), it is evident that a considerable amount of solvent
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hasbeenremovedby the considered thermal treatmémm the polymer matrix, as could

be expected considering the boiling point of the solvent (39.6°C). Indeedabé
spectrum shows a marked decrease in correspondence to the DCM characteristic peaks
wavenumber. Increasing the treatment temperature taC1%@f further solvent removal

was detected via FTIR measurenseithus the decrease of permeability with increasing

the thermal treatment conditions suggests that relaxation phenomena dominate over any
possible effect related to the residual solvent reova

In Figure 46 it is also noted that the decrease of the diffusion coefficients of both CO
and CH is larger than the parallel decrease in the permeability values, so that an increase
of the solubility coefficient is also associated to the thermatnrerats. The observed
effects on diffusivity and solubility as well as the differences betweenat® CH are

not simple to rationalize and to relate univocally to well identified structural variations.
Many authors[49,102,112]reported for different polymers that the variation of the
permeability value due to a reduction of fractional frekime is related to a decrease of

both the diffusivity and the solubility coefficient$iowever, while this behavior is
completely general for diffusivity, in case of solubility several exception have been
reported and usually relatedttee decrease ofde volume associated to a more complex
relaxation phenomena: e.g., Laot et[&0] presented a decrease of diffusion coefficient

and a simultaneous increase of the solubility in polycarbonate samples subject to different
cooling rate, attributing thedmavior to a change of the molecular chains mobility.
Furthermore Vaughn et al[47], studying the annealing effect on a polyaritée
membrane, suggested the occurrence of a thermallyatadi planarization process of
polymer chains. In particulathey reported the overcoming of the rotation energy barrier

for the bond between a phenyl group and the imide group, which happens to be present
also in the chemical structure of Matrimid. Thidfedent configuration leads to a-re
distribution of the fractional free volume inside the polymer matrix, affecting the
transport properties of the material in a way which resembles the one here reported. It is
therefore possible that in the present wibr structural relaxation suggested by the data

is not just related to a decrease of free volume batrtmre complicatedearrangement

and to a stiffening of the polymeric chains.

54



Chapter 4

Comparing the behavior of the two gases, the different pretreatmentssainduce
higher variations, i.e. decrease in permeability and diffusivity, for methane than for CO
As a consequence, the ideal selectivity of,G® CH, is slightly enhanced at higher
pretreatment temperature, as it can be seen in Fig8irghére selectity is reported in

the Robesod plot for all sample and test temperatures investigated. The samples
pretreated at the lower temperature are closer to the upper bound curves and thus exhibit
the best performance for the @OH, separation; the increase selectivity at higher
pretreatment temperature, indeed, is not high enough to counterbalance the permeability
drop observed for those samp|86,31,113,114]

From Figure &t is also possible to notice that @OH, selectivity is not favored bthe
increase of the operative temperature, similarly to what reported for other polymers and
polyimides[115]. Indeed, a T inciese corresponds commonly to an enhancewiegas
permeability, due to thepositive effectson the diffusion coeffient related to a higher
molecular chains mobility. However, methane, endowed with the larger kinetic diameter,
undergoes a larger increment compared t@, @&ermining a decrease 4 (diffusivity
selectivity, Eg. 1.15 simultaneously, the CGsolubility coefficient is reduced by the T
increase to a larger extent if compared to,@82], with a consequent decrease (&f
(solubility selectivity, Eq. 1.16 The negative variation of the two factok$, @nd L)

results in the lowering of the overall membrane selectivity.

As a consequence of the two simultaneous effects (on permeability and on selectivity),
the T increnert corresponds to the reduction of the membrane separation performance,
inasmuch as the increase in permeability is not enough to offset the loss in selectivity of

the membrane.
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Figure4.8 - Robeson PlotfoMatrimid pretreated at different temperatures

The permeability values obtained at the three operative temperatures follow a clear
Arrheniustype of behaviorgee Chapter 1q. 15) for each thermal treatment, with a
coefficient of determination of tHenear regression always larger than 0.99 (Fi§.ahd

4.10). The activation energies and thelanius preexponential factors for CCand CH
obtained at different thermal pretreatment are reported in Figure 10. As expected, the
penetrant endowed withné larger kinetic diameter shows the higher activation energy
values. The activation energy of €@ermeation is not significantly affected by the
thermal treatment, with an average value of 7.9 kJ/mol, while a slight activation energy
decrease is observéalr methane with increasing pretreatment temperature. For the latter
penetrant k varies from 25.6 kJ/mol for Ma50 sample to 21 kJ/mol for the specimen
treated at the higher temperature. The-g@qonential factor, on the other hand, shows
more pronouncedecrease for both penetrants; for i@ particular, a decrease of 41%

is observed between the samples pretreated at 50°C and at 200°C, whereastfw CH
change is even more significant, close to one order of magnitude. Consistently with the
free volume theory, the decrease i B associated to a free volume decreésee
Chapter 1Eq. 14), which affects to a higher extent the penetrants with the larger kinetic

diameter.
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4.1.2 Aging

The effect of aging on the gas transport properties of Matrimid was monitored for more
than 3000 hours repeatinget permeation experiments about every 1000 h from the
sample casting. The variation of g@nd CH permeability at 35°C is shad in Figure

4.12 and 4.13s function of aging time, for the four different pretreatments; the complete
set of data obtained dog the experimental campaign is reported in Tablé. The

Ma50 sample exhibits a faster aging rate compared to the other specimens, with an
overall permeability decrease of 25% during the investiggieaod Conversely, a
different behavior is observedr the samples treated at higher temperature: a limited
decrease in permeability was obtained for Mal00 specimen, whereas no significant
variation of the transport properties was detected for Mal50 and Ma200 membranes for
the entire duration of the agisgudy Similar trends were also obtained for the other two
test temperatures of 45 and 55°C.

These results are in agreement with the general interpretptieviously presentedor

the behavior of permeability and diffusivity of ‘@ged samples. The splas with the

larger departure from equilibrium conditions is subject to the faster aging; its evolution
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over time leads to a configuration progressively closer to those initially obtained by
higher temperature pretreatments, which in turn results moige st@uring the
investigated period of time. Indeed, after almost 3000 hours thep@@eability of the

Ma50 sample ends up very close to the value observed for thgaah(tested within the

48 hours after their thermal treatment) Mal00 sample whichh@mther hand, shows
much more stable transport properties. The permeability measured in Mal50 and Ma200
samples appears as the long time asymptotic value for aged Matrimid.

In parallel, the aging protocol seemed also to affect materials mechanical ipspert
beyond permeability and diffusivity. More precisely, the different samples became
progressively more fragile and some of them even broke before the end of the study. In
particular Mal00 samples could be studied only until 2208 hours, since all of the
specimens fractured after the second and third set of tests (1000 and 2000 h) and no

samples were left to proceed with further tests at longer times.
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Figure4.12 - CO, permeability for different thermalégatments as function of aging time (35°C, 2
bar). The dashed lines do not represent any analytical model, they are just use as guidelines

By comparing the behavior of different gases, it can be noticed that also with aging time
the variation of Chl permeaility is more marked than that of GOfor the samples
treated at the lower temperature, which shows a 34% decrease for methane but just a 25%

decrease for CO As a consequence, a slight increase of the/CD, selectivity is
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observed for the aged sampleated at 50°C. Therefore, the evolution induced by aging
time and the changes induce by the different pretreatment temperatures follow a parallel
path in the polymer structures, which cause in both cases a decrease in permeability and a

slight increasén selectivity.
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Figure4.13 - CH, permeability for different thermal treatments as function of aging time (35°C, 2
bar). The dashed lines do not represent any analytical model, they are just useliagguide

Also the behavior of diffusion coefficient undergoes significant charigependix,

Table A.1)similar to those observed for permeability, but it is more affected by aging
time than permeability. Indeed, in case of £D decreases by 52% after 31RB0urs

aging, whereas for CHan even more significant decrement is observed, with a reduction
of 68% of the initial value. Analogous results were detected also at the other inspected
temperatures. Therefore, also for gas diffusivity in Ma50 samples fiesebf physical

aging are similar to those induced on the polymer matrix by the thermal treatment. The
similar relative decrease observed for both permeability and diffusivity suggests that
thermal treatment and aging time have an analogous effect strab#ural properties of

the polymer, related to the reduction of the fractional free volume.

Likewise in the case of aged samples, the temperature dependence of gas permeability

follows rather closely an Alneniustype behavior, with a coefficient of g@mination
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always higher than 0.988, allowing a reliable evaluation of permeability activation energy
and preexponential factor. The time evolution during the aging period of the activation
energy and the prexponential factor in Ma50 sample are skdwn Figure 4.4. The

value of E, for CG; is not significantly influenced by the aging phenomenon, since no
change was observed during the whole time period investigated. Conversely, as in the
case of the thermal treatment, the /Gidtivation energy showedsdight decrease over
aging time, varying from an initial value of 25 kJ/mol to 23 kJ/mol after 2904 hours
aging.

Results in line with what observed in the case of the effect of thermal treatment were
obtained also in case of the meponential factor fopermeability,Py, of Ma50 samples
which decreased significantly over time. In particular, similarly to what already observed
for different thermal treatments, the effect transport properties are more relevantfor CH
than for CQ. A reduction ofP, of alout 75% of the initial value (from 9900 to 2500
Barrer) is detected for methane permeability, while for the 8© decrease is limited to

a less than 35%, from 370 to 250 Barrer. Again, the marked decrease of the pre
exponential factor is a clear indiaati that the fractional free volume is reducing inside

the polymer matrix, due to polymer chains rearrangement.
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4.2 Water vapor effect on gas permeability in Matrimid

Water is a minor compounds frequently present in several separation processes and, as
previously discussed, it can affect the permeation of small penetrants across the
membrane in different ways. Sthe study of HO influence on the gas transport
properties is a fundamental aspect which must be investigate at the lab scale for a further
scale up of the membrane separation process.

Aromatic polyimides are known to be hydrophobic or weakly hydroplpdtymers,

since the molecular chain groups present generally a low affinity for polar compounds.
Lokhandwala et al[116] reported the water sorption in 4 different 6FDAsed
membranes, varying the dmne moiety. Even if appreciable differences have been
observed related to the different diamine nature, the water uptake at high activity has
always been reported to be lower than 3.2 wa%imilar behaviohas been observed for
6FDA-TMPDA [60], with a water concentration in the polymer matrix of 3.7 wt%
obtained for an activity of 0,8whereas 6FDAODA showed an even lower water
concentration (2.2 wt%) for an R.H. value equal to §5%J. The main reason for the

poor water sorption of 6FDMased polyimide may be related to the hydrophobic
characte of the CEF groups of the dianhydride moietyHowever the water uptake
remains low even for othatianhydrids: a PMDA-basedcommercial polyimide from
Dupont, Kaptofi, absorbs a water amoumiual to 2.7 wt%[117] at saturation
conditions, and this quantifpcreases slightly for BPDAased polyimidesven though

it is reported to be always lower than 5.6 wt% & T range between 25 and 50°C
[57,118]

Despite the low water uptake, frequently polyimidedibit relevat variation ofgas
permeability at increasintpe waterconcetration within the membran@0i 62]. Hence

the characterization dflatrimid performance under humid conditions has been deeply
investigated, coupling permeation tests at various water activity with pure water sorption
experimentsCombining the results obtained from both experimentsast beempossible

to correlate the grmeability for a given R.H. of the gaseous flow in the upstream side of
the membrane directly with the water concentration within the membrane matrix. Indeed,
as previously described in the experimental chapter, the permeability under humid

conditions ismeasured for a water concentration in the membrane at the equilibrium with
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the humid stream. This particular measurement is not frequently reported in literature,
since normally in mixed permeation testith water vapor, the R.H. values are different

on the two sides of the membraj&®,63].

In addition, a systematic approach will be adopted for the investigation of water vapor
influence on permeabiliy in Matrimid, exploring different penetrants and thermal
conditions.Hence, the study aims at pointing out the physical phenomena related the
variation ofthe transport rateenhancing the understanding of the ired fundamental
mechanisms.

4.2.1 Water Vapo Sorption
The sorption experiments have been carried out by means of the quartz spring
microbalance apparatus at three different operative temperatures (25, 35°@harntb

the obtained results are shewvin Figure 4.15. As expected, the mass rafig ,
measured ing,, . /g,, , is found to decrease at increasing T for a given water vapor

pressure of the bulk phase. The experimental data ‘& 8% in line with previous
literature results for Matrimif60,82] and asubstantiallyinear behavior offte sorption

isothermds shoved, asalready reported for other polyimidgs9,116].
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Figure4.15 - Water sorption isothernfsr Matrimid as function of KD pressure
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However, when the ¥D solubility is plotted as a function of driving force of the
absorption process, i.e. water activity, the sorption isothermstéemerge into a single
curve (Fig 4.16). The activity is approximated here by the relative vapor prepfuire
wherep’ is the saturation pressure at the given temperature. In the plot, the water uptake
corresponding to the unitary water activity hasrbebtained by immerging a Matrimid
sample directly into the liquid at 35 and it is in good agreement with the results
obtained from the vapor tests the low activity rangea linear trend of the sorption
isothermscan be observed, but at higher val@eclear upturn is displayed, likely related
to the clustering phenomena, as reported for other polyinfe#®$9,117] A more
detailed analysis of the sorpti isotherms will follow in the modeling part of the present
thesis (Chapter 5).
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4.16 - Water sorption isothernfsr Matrimid as function of R.H.

As reported in paragraph 3.3, the experimental settiogvalblsothe evaluation of the
sorption processkinetics from the best fitting of the single incremental step curves
through Eq. 2.16. In this framework, the estimated value of the diffusion coefficient is
obtained for a driving force corresponding te firessure variation within the single step

of the sorption experimenbiffusion processhowed a Fickian behaviono relaxation
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were observed during experiments, and in all case a more than satisfactory description of
the experimental data was obtaineshsidering a constant diffusivity along the step.
Figure 4.17 shows thd,O diffusion coefficient for Matrimid, evaluated at different T as

a function of water mass fraction in the membrane, calculated as the mean value between
the initial and final masBaction of the single sorption step. The obtaidathare in the

range of 18 cnf/s, typical for HO vapor in polyimide materialg57,116,117]and, as
expected, the diffusivity is found to increase along with the operative temperature. A
negligible depedence oD is observed over the studied water concentration range within
the membranematrix, for the three experimental conditions (25, 35 and 45°C). Similar
behavior has been observed also for KafthiB], whose water sorption behavior is

similar to the one observed for Matrimid
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Figure4.17 - Diffusion coefficient of water yaor in Matrimid
as a function of water vapor mass fraction within the polymeric matrix

Moreover, the evaluation of the kinetic and the thermodynamic parameters of water
transport in Matrimid films allows the calculation of® permeability, in the frameavk
of solution diffusion mechanism. Figure 4.18 shows the outputs for the investigated
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thermal conditions. Despite the data scattering, mainly related to the estimation of the
diffusion coefficient for such a hydrophobic matrix, it appears that the ptomea
coefficient tends to increase along with the water concentration within the membrane, as
reported for polyimide$116]. In addition, the observed diffusion coefficient values are
similar to literatwe data, reported for MatrimifL20]. However, conversely to what is
normally found for incondensable species, th® ltransport rate is showed to decrease at
increasing the operative T. This effd@s been documented for other polyimidesed
copolymer[121] and it may be mainly related to the fact that for condensable penetrants
the solubility coefficient has a dominant role on thgOHpermeability. Hence, at
increasing the operative temperature, the increase of the diffusion ieseffcnot large
enough to contrast the solubility reduction, resulting in an overall decrease of the

transport rate across the membrane.
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4.2.2 Gas permeability under humid conditions

The transport properties of different gaseous penetrantg, (85 CO, and He) have been
investigated in a wide range of water activity- @6% R.H.) for different thermal conditier(25,

35 and 48C). The penetrants choice wamade in order to investigatedifferent gas
characteristics, in terms of kinetic dimensions and condensability (Table 1.1), which affect
diversely the diffusion and solubility coefficients. The results are sHanvFigure 4.19 4.22.

The dry gas permeability obtained is in good agreement with literature data for all the
investigated speciefl05/ 107,122,123]and also with the permeability obtained for Ma200
samples, showed in the previous paragraph. The datasuggests a diffusion atrolled
permeation process, as usually encountered in glassy polymers, because the permeability scales

qualitatively with the kinetic size of the penetrating molecules XMPco, > Py, > Pen, With d e

< tkco, < thn, < theny )-
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Figure4.19 - CH, permeability vs R.Hat the 3 operative {25, 35 and 45°C) arg,= 1 bar
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Figure4.21 - CO, permeability vs R.H. at the 3 operativg25, 35 and 45°C) armg,= 1 bar
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Figure4.22 - He permeability vs R.H. at the 3 aptve T (25, 35 and 45°C) ang,= 1 bar

Among the different gases, helium is the most permeable one, with pure dry gas permeability
raging from 21.5 to 30.3 Barrer for the different thermal conditions inspected, followed by CO

(P ranging from 8.4 to 1@ Barrer), N (0.20- 0.35 Barrer) and CH(0.16 - 0.31 Barrer). As

usually observed for diffusieoontrolled processes, the permeability of the incondensable
gaseous species considered increases monotonously with T; on the contrary, gas permeability is
reduced by the presence of water, as often reported for hydrophobic materials as well as for
Matrimid® [60] and other polyimides such as Kaptofi24], nonsulfonated CARDO/ODA
copolyimide[125] and (6FDATMPDA) [24].

Interestingly, for all the gases inspected a very similar permeabéityeaséhas been
obtained as a function of R.H., as skolwn Figures 4.23- 4.25, in which the ratio
between humid gasP) and dry gas permeabilityP§) is reported for allgases at a
temperature of 35°C. On the average, the gas permeability was decreased by 6% of the
dry value at 0.05 of water activity, and then further lowered: 10% at 0.1 activity, 20% at
0.25, 34% at 0.5, and finally about 50% at 0.75 R.H.. The sameigr@winmon to all

gases, including Cwhich is known as a plasticizing agent for Matrinf@though in

the high pressure range, ~ 10 bamyl has the higher affinity to water with respect to the

other penetrants considered.
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Figure4.23 - Ratio P/R between permeability under humid conditions, P, and dry gas
permeability Bfor the investigated gases at 25%;% 1 bar)
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Figure4.24 - Ratio P/RB between prmeability under humid conditions, P, and dry gas
permeability Bfor the investigated gases at 35{;% 1 bar)
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Figure4.25 - Ratio P/R between permeability under humid conditions, P, and dry gas
permedility P, for the investigated gases at 451 € 1 bar)

Chen etal. [60] reported a similar qualitative behavior for gas permeability in humid
conditions forMatrimid, at various water activities. Quantitative comparison with the
data repded in ref.[60] is not simple due to the different experimental setup used in that
work, in which water vapor is present only on the feed side and is a permeating species,
with a water concentration profile established across the membkmeever, a
substantial agreement is obtained by comparing, as a first approximation, the data at the
same average water content within the membrane in the different experiments. In this
way, the decrease in permeability reported in Chen's work is onhtlgligwer than the

one here presented for Gkabout 25% of the dry value at 35 °C for water activity of the
feed side close to 1), whereas it is rather comparable for the case.of CO

By varying temperature at constant R.H., the permeability under hoonditions
increases with trends similar to those observed for the dry gas permeability, and the same
effect of R.H. on permeability is observed at 25, 35 and 45 °C. Indeed, the analysis of
P/Py (Fig. 4.26 - 4.28) for all the penetrants shovesvery similar trends at the

investigatedthree temperatures, as the curves substantially overlap withrotieer at
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least at activity values up to 50&6d shows only limited differences at the higher R.H.
investigaéd. However, it must be noticéldat at increasinghe water content in the feed
stream, the uncertainty related to the measurement tends to inChppsadix, Table

A.2), affecting more significantly the low permeable gases.

To better understand the observed behavior it is worthwhile to recall thd sligh
dependence on temperature of water solubility in Matrimid, previously described. As
water solubility is not thermally affected, the same amount of water is present within the
membrane at different temperatures for any given R.H., resulting in a redoichamid

gas permeability very similar for all gases and at all temperatures investigated.
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Figure4.26 - P/R, for CH, at different temperatures (25, 35 and 45°C) as a function of R.H.
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Figure4.27 - P/R, for N, at different temperatures (25, 35 and 45°C) as a function of R.H.
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Figure4.28 - P/R, for CO, at different temperatures (25, 35 and 45°C) as a fumcti R.H.
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Figure4.29 - P/R, for He at different temperatures (25, 35 and 45°C) as a function of R.H.

Figure 4.30 and Figure 4.31 illustrate the membrane separation performances in a
Robeson plof30,31] reporting CQ permeability along with C&CH, and CQ/N; ideal
selectivty respectively, at the various water activities and temperatures inspected.
Matrimid has properties very close to those of many commercial membrane materials
used for gas separations, even though well below the upper bound, and it is thus suitable
to be sed as membrane f&@O,/CH, or COJ/N, separation, at least in low pressure
processes, so that Gduced plasticization is prevexat As it often occurs in polymer
membranes, with increasing temperature the permeating flux increases, while selectivity
is reduced. On the contrary, in the presence of water, the permeability in Matrimid
decreases by almost the same extent for all gases, while the separation factor is not
significantly influenced by the presence of® thus leading to a decrease of the overal
membrane efficiency in terms of distance from the upper bound. This is apparent e.g.
from the experimental data at 25 °C for the &M, in which the ideal selectivity is
constant at different water concentrations in the membrane andp@@eability is

reduced with increasing R.H. At 35 and 45 °C similar results are obtained, with a slight
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increase in selectivity at the higher activities, related to a difference of the Paegarf

CO, with respect to the other gases.
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Figure4.30 - Robeson Plot for C#CH;, selectivity as function of R.H.
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Figure4.31 - Robeson Plot for C4N, selectivity as function of R.H.
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4.2.2.1 Activation Energy
The analysis ofempeature effect on gas permeability confirms that the experiméntal
values follow an Arrhenius behavior (correlation coefficient always higher than 97%)
both in dry conditions, as well as at any fixed R.H. Therefore, the activation energy of
permeation pro@s Ep,;) for penetrani can be evaluated over the entire water vapor
activity range throughout the following relationship:
E.. _ &uinp 0

R Fam 8

Equation 4.1 defines an effective quantity, since the activation energy is calculated at

(4.1)

constant relative humidity in the external gas rather than at constant composition in the
membrane, as already pointed out &yprevious work of our research gro{@?].
However, no significant differences are observed in the water solubility isotherms at
different temperaturefl26]. Consequently, at constant R.H., the overall composition
inside the membrane is substantially the same for the investigated thermabosnditd

Ep; provides a meaningful estimation of the actual activation energies for permeation in
Matrimid at various water activities.

Figure 4.32 shows the trends of the activation energies versus R.H. measured for the four
different penetrants. ThEp; values calculated in dry conditions agree quite well with
literature datd106,127,128] and for the less condensable gases such as#ad\CH,

they increase with the kinetic diameter,issften the case for glassy polymers. In fact,

for these penetrantsdipermeation process is controlled by diffusion and at increasing
the kinetic size a higher energy barrier must be overcome to allow the single molecule to
jump from one available site to another one. On the other handsi@Wed the lowest

Ep; value amag the gases considered, likely in view of the larger contribution of
solubility to the permeation mechanism.

As one can see in Figure32, the effect related to the presence of water vapor on the
activation energy of permeation is rather limited up forapmately 25% R.H. for all the
gases investigated. At the highest R.H. values (50% and BEp%hows different trends,
decreasing in case ofldnd CH and increasing for C£and He. However, the behaviors

displayed are likely related to the intrinsincertainty of the measurememppendix,
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Table A.2). Hence, a small variation on the permeability values, may have a higher

influence on the calculated activation energy value.
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Figure4.32 - Activation energy for CH, N,, CO, and He as function of R.H.

4.3 Facilitated transport membranes

The main issue of facilitated transport membranes, together with the carrier saturation
phenomena, is related to the separation performance stability under high pressure
conditions. Bai[75] reported that the selective layer of these composite membranes
undergoes a relevant compaction after being expose at high pressure (15 atm) for more
than 500 h (Fig. 4.33).

In order toovercomethe limit of these promising membranes, mulialled carbon
nanotubes (MWNTs) have been used as mechanical reinforcement, due to their
outstanding mechanicakroperty[129,130] embedding them in the polymer matrix and
producing mixed matrix membranes (MMMs). The nanoparticlkesre amine
functionalized in order to increase the hydrophilicity of the graphene structure, thus the
affinity with the polymeric matrix. In addition, three different long chain amines were

used as fixed carriers and their effect on the membrane performance at 15 aegerhas
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studied, disclosing the importance of the high molecular weight species amount in the
membrane composition for high pressure (up to 28 atm) conditions.

WD24 .0mm 5.00k¥ x1.0k

WD14 .7mm 5.00kV x1.0k

Figure4.33- SEM images of the crosecton of aminebased facilitated transport membranes
before (A) and after the stability test at 106°C and 15 atnfi/@g)

Two different gas compositions have been used for the membrane characterization, in

order to fuly investigate the potential of these materials with particular reference to
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natural gas sweetening and plrification. The effect of different chemical and physical
parameters have been highlighted in order to achieve a more comprehensive
understanding fothe transport mechanism and to optimize the separation process. In
particular, the influence of the inorganic loading, water content of the sweep stream, the

operative temperature and of the selective layer thicknedselka inspected.

4.3.1 MWNTSs chaacterization

Figure 4.34 depicts the FTIR spectra of raw MWNTs and the two functionalized
MWNTSs, i.e., AFMWNTs and AFMWNTSs. The spectrum of raw MWNTSs is presented

in Figure 4.34a, which identifies two groups of peaks: (1) the C=C bond peaks at 1632
cm* and 180 cni' and (2) the CH alkyl bond peaks in the region of 2922850 cnit

[131]. The first group of peaks shows the typical carbon skeleton in MWNT structure,
whereas the second group is in correspondence to the presence of defects in the

nanotubes walls and endrfsagenerated from the fabrication process.
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Figure4.34- FTIR spectra of raw MWNTs (a), MWNTs (b), AFMWNTS (c).

The treatment by strong acid oxidation introduced carboxylic acid groups and hydroxyl
groups on raw MWNTSs. As shaalin the FTIR spectrum of AMNWTSs (Fig. 4.34b),
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new peaks appear at 1708 tnelating to C=0 stretching vibration 8€OOH, 1384 cm

Lin correspondence toi®l bending deformation aGfCOOH and/oii OH, and 1166 cih

for Ci O stetching ini COOH [87,90,132] The presence of these new chemical groups
confirms the effective surface functionalization for the nanotubes.

Figure 4.34c shows ¢h spectrum of MWNTs after the amine functionalization.
Compared with Figure 4.34b, the peak at 1166" cepresenting 0O stretching ini
COOH decreases. Meanwhile, two new shoulders, at 1047comesponding to the Si
O-C bond and 1102 cimcorrespondingo the SiO-Si bond[78], raise on this wide peak.
The above evidence affirms that the condensation of hydroxyl groups took place between
the AT-MWNTs and APTES as well as the aminosilane molecthemselve$89,90]
Thereby, the amino groups from APTES were successfully grafted on MWNT surface.

4.3.2 Membrane performanca 15 atm

Facilitated transport membranes are known to be able to couple hightr@G
membrane flux and very good selectivity versus other gaseous species, thanks to the
chemical reaction mechanism, described in Chapter 1. In the open lite@@iré],
different fixed carriers, such as polyallylami(f@AA) and polyethylenimine (PEI), have
been used coupled with mddicarriers for facilitated transport membranes synthesis.
Nevertheless, the use of polyvinylami(lVAm) was always limited on the fixesite-
carriers membrane applicatiofig4,133] Theoretically, the higher N/C atormatio of
PVAmM compared to PAA and PEI should increase the reactive site availability per unit
volume of the selective layer, enhancing the,Ge&xilitation factor and, hence, the
membrane performance. Therefore, in the synthesis of the first sampl&3/Ahe was

used as fixed carrier adding Lupamin as received in the casting solution composition
(Samples 91, S02, S03, Table 3.1).

Initially, low pressure tests were carried out for a membrane containing 22.3 wt%
Lupamin (Sample 81, Table 3.1). The @pative conditions were chosen according to
the research group knekow and the membrane performance are reportethen
Appendix (Table A.4). The CQ permeability of 3157 Barrer is similar to the one
obtained using unhindered PAAL8], even though a better GBI, selectivity is
achieved. Also Zou eal. [73] reported a comparable permeability value for similar
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operative conditions, but a higher &€B, selectivity, likely related to a thicker selective
layer, compared to the one used in the present study. Furthermore, Figushah3%he
Robeson Plof31] for the CQ/CH, separation and it is possible to appreciate the
remarkable result@chieved by these membranewith respect to the state-art of
solutiondiffusion-based mmbranes. In particular, the capability of facilitated transport
mechanism to overcome the typical solutdiffusion tradeoff may be observedhanks

to the CQ transport rate chemical enhancement.

Despite the good results obtained for low pressure itong, when the total feed
pressure was increased to 15 atm, stability issues arose. In particular, the carbon dioxide
flux across the selective layer was found to decrease soon after the steady state was
reached (Fig. 4.36, the G@C peak area is proganal to the CQ@ permeability) and

the CQJ/H; selectivity turned out to be significantly lower if compared to previous results
obtained in the research gro{if8]. In addition,with respect to théow pressure tests,

when the membrane was removed from the sample holder, brownish spots were found in

the back of the support, giving evidence of a weak membrane integrity.
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Figure4.35 - Robeson Plot dr the CQ/CH, separation,
for the MMM-04Tab23.at ann d 01 5-@Ba30% S10ZTable 8.}
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In order to solve the problem, the total solid composition of the investigated samples was
finely analyzed. In particular, the high moleculaeight species (HMS) amount,
identified as the sum of the crosslinked R?®S network and the polyamines, has been
calculated for several tested samples (in Table 3.1 only 2 samples containing Lupamin
are reported for brevity sake). Due to the preserfceodium formate in Lupamin
commercial composition (66.6 wt%, solid matter base), theyBNMmount was found to

be low (< 35 wt%, Fig4.37) and likely responsible for the poor membrane performance.

In view of keeping the right balance between the spedesept in the total solid
composition, a purification of Lupamin was carried ¢86] and using a specific
purification procedure, previously mentioned, the long chain polymer concentration of

the PAm solution increased up to 66.6 wt%.
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Figure4.36 - CO, GC peak areaf the permeate streanwver time
using Lupamin as fixed carrigp"(= 15 atm)

After purification, new test were performed on samples produced with slightly different
protocolin order to maintain a similarVPAm amount in the final membrankElowever,

the PVAm refinement did not improve the membrane performance (Saridleasd S

05, Fig. 4.37 and Tabla .4), neither in terms of stability nor selectivit9n the other
hand when polydylamine was used as fixed carriex sudden results increase was
achieved (Fig. 48. Due to the higher PAA purity grade, it was possible to reach higher
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values of the HMS amount in the total solid composition (> 55wt%, Fig. 4.37),
improving both the mabrane stabilityFig. 4.38)and doubling the C&H, selectivity
values obtained for Lupamin or purified PVAm. The results for samples fredé & S

11 are summarized ithe Appendix Table A.4): averagely a C®permeability of 957
Barrer, CQ/N, selectivty of 384, CQ/H, selectivity of 56 and C&CH, selectivity of

264 are achieved. Likely, an increased of the amount of long chain polymers in the
membrane composition helps in obtaining a more stiff polymeric matrix. The-water
induced swelling was henceduced, preventing any possible carrier leakage for the
investigated conditions.

Compared to the low pressure results, an evident decrease of the membrane performance
was olserved (Fig. 4.35), which mdye attributedo the carrier saturation phenomenon
[96]. Indeed, the concentration of carriers molecules per unit volume of the selective
layer is fixed for a given composition, hence, the amount of available sites for the CO

carrier complexes formation is limited.
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Figure4.37 - CO,/H, selectivity as a function of the high molecular weight species amount
present in the membrane total solid composition for different PAm used as fixed (@asrieh
atm, T =107°C)
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Figure4.38- CO, GC peak area over time using PAA as fixed carpér(15 atm)

Increasing the Copressure on the feed side of the membrane, an upper bound is reached
by the complexes, so that the £iix related to the chemical reaction becomesstamt.

Hence, the total Cflux increases only due to the physical transport, reducing the CO
permeancg76], thus its permeability. On the other hand, the solutiiffiusion flux of

other penetrants increases linearly with presssce,that carrier saturation affects
negatively also the separation factor.

Despite the carrier saturation influence on permeability and selectivity, Figure 4.35
shows that the performance of the samples obtained using PAA as fixed carrier remain
still relevantly above the Robeson upper bound for the/CB) separation for the high
pressure conditions. The achieved results at 15 atm feed pressure make these membranes
particularly attractive for natural gas sweetening. Additionally, considering that water
catalyzes the facilitated transport mechanism, no dehydration step is needed before the

membrane module, simplifying the whole purification process.

4.3.3 Membrane performanca 28 atm
After the attainment of the best membrane performance at 15 atm, the feadeesas
increased up to 28 atm. Once again, the higher pressure generates a reduction of both

permeability and selectivity together with instability issues on the sample which showed
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the best results at 15 atm conditions. Several attempts have beed oatrie order to
improve the membrane performance and the most effective outcomes were obtained
reducing dramatically the small molecules amount in the membrane composition
(Samples 94, S15, S16).

At the beginning, the amount of KOH and AlBAwas dereased to 10.6 wt% and 10.8
wt% respectively in the final membrane composition. Simultaneously the long chain
amine content was increased up to 46 wt% (Samgld)Sin order to improve the
mechanical stability of the selective layer by incrementing tiyH percentage.
Similarly for the 15 atm pressure conditions, the strategy was found to be successful,
returning stable separation performance. A permeability of 224 Barrer and a selectivity of
16 for CQ/H; separation and 139 for GO, (Appendix, Table M) were achieved. In a
second stage, in order to check the mobile carrier influence on the membrane
performance under these pressure conditions, the AdB#as removed from the
membrane composition, increasing the KOH content up to 21.4 wt% (Sariple The
separatiorperformance increased consistently in terms op @@ across the selective
layer, with a permeability of 326 Barrekgpendix, Table M), whereas the C4H, and
CO./N; selectivity remaind constant, suggesting a more efficient carriglitglof KOH
compared to AIBAK. An additional increment of the KOH amount to 26.8 wt% to the
detriment of the PAA content (Samplels), hence of the HWMS amount, corresponded

to a further improvement of the membrane performance, in particular of the CO
permeability, which showed an increase to 440 Barrer, with no significant influence on
CO./H, and CQ/N; selectivity and without instability problem for the duration of the
tests

Figure 4.39 shows the variation of membrane performance along with thprés=dire

over the investigated pressure range. The permeability and selectivity decrease is mainly
attributable to the carrier saturation effect, previously described, and the trend is showed
to be exponential with pressure for both permeability and setgctThe CQJ/N,
selectivity is the only one which seems not to follow this tendency, but the reason may be
attributed to the uncertaintgn the detection of the Noeak in the sweep side, due to the

very low concentration achieved the permeate streafar the 2 atm pressure tests. In
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the end, Figure 4.40 highlights the outstanding results achieved by the MMM presented

in this work, even under such severe pressure conditions.
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Figure4.40 - Robeson Plot for C&N, separation for the MMM at 15 and 28 atm
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4.3.4 Effect of the inorganic loadg

In literature, several attempts have been reported to incorporate carbon nanotubes in
polymeric matrixes, in order to enhance both their mechanical and transport properties.
Kim et al. [134,135]reported a significant increase (up to 70%) of the storage modules
after the addition of A5 wt% of octadecyl ammoniwmodified SWNTs. In adition,

they showed also an increase of the permeability of all the investigated gaseous probes,
which was more evident for the less permeable species. Hence, the separation factor was
usually reduced with increasing the inorganic loading content in thmbra@e
composition. A similar effect have been obtained by Chail.dtL36] on pervaporation
MMM s using acid treated MWNTS. Incrementing the functimeal MWNTs amount,

they reported a significant increase of the solute flux across the selective layer along with
a simultaneous decrease of water/ethanol selectivity.

Analyzing the variation of gas transport properties of Mdllased on PES and
functionlized MWNTs, Ge etal. [137] disclosed that the additional gas diffusion,
compared to the pure PES, does not take placeeirts& hollow nanotubes cavities but
likely through the voids between the MWNTs surface and the polymer chains, called
nanogaps. As theorized by Conga¢t[132], the size of nanogaps plays a key role for
separation performances of mixed matrix membraneseifianogaps dimensions are
increased because of a poor compatibilization between the nanoparticles and the
polymeric matrix, the selectivity of the gas separation system could be adversely affected.
The use ofraw MWNTs or AFMWNTs has been reportefl9,138] to determine a
decrease of membrane selectiatyncreasng the inorganic loadindikely related to the
formation of nanogaps at the polyrféier interface. Hence, in the present work an
amincfunctionalization of MWN's was carried out in order to increase the affinity
between the hydrophobic nanofillers and the hydrophilic polymeric struictuneler to
improve membrane properties both in terms of transport and mechanical st#slity
showed in Figure 4.41, the congpibility enhancement was achieved by means of AF
MWNTSs: no relevant variation of transport properties was obtained rfoin@rganic
loading up to 6 wt%§2 wt % AFMWNTSs loading values are obtained as average-of S

09, S10 and &11, whereas the other vatuare obtained from samplel and $13). As

reported, varying the MWNTs amount in the membrane composition between 0 and 6.4
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wt% the permeability deviates of a values lower than 4%, whereas thiel0®mains

equal to 54. Only the C{ICH, selectivity deceases slightly after the particles addition,

but the variation is still not really significarit the same time, membrane permeability

did not show any relevant variation at increasing the fillers loading, despite the presence
of amino groups on the MWNsTwalls. However, the amount of reactive groups added by
embedding the fillers is negligible compared to the total amount present on the membrane
composition, hence they cannot contribute considerably to the totar&Bport rate.

The aminefunctionalzation produced hence an appreciable improvement in filler
embedding compare to raw MWNT49], enhancing the separation performance.
Presumably, the presence-biH, groups on the nanotubes surface reduceddhegap
formation, thanks to a reduced repulsion interactions between the nanofiller and the
hydrophilic polymers chains. In addition, amine moieties could also react during the
thermal curing, when the crosslinking reaction is brought to completion, calgmi

bonding the nanoparticles to the matrix.
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4.3.5 Effect of sweep side RH

Due to itsparticipation in the reversible G@mine reaction (i.e., the hydrolysis of
zwitterion and carbamate ion), the presence of water is crucial for the facilitated transport
process. In addition, due to the highly hydrophilic characteristics of PVA and lairy ch
amines, the membrane matrix is largely swollen by wigaté}. Hence, the mobility of

ions and small gas molecules is relevantlyaéd if compared with dry conditions.

From this point of view, the membrane performance have been characterized at different
water concentration within the polymeric matrix varying the relative humidity in the
sweep side. In fact, due to the chosen expemial conditions (dry stream flow 60
cm®min) and because of the lower limit for the water flow of ggon pump (0.01
cm’/min), the R.H. in the feed side could not be set lower than 100% for 15 atm feed
pressure. On the other hand, the output rateeofmater pump for thiew pressuresweep

side was adjusted to 0.03, 0.06, 0.15 and 0.5%naim to obtain respectively a relative
humidity equal to 47%, 60%, 72% and 80%. The outcomes are plotted in Figure 4.42.

As previously reported18,73,78,96] the CQ permeability is found to increase
monotonously with increasing the water content in the polymeric matrix. Using the
sweep gas of 80% RH, the g€@ermeability reached a high value of 1147 Barrers,
almost 5 times of that at 47% RH (234 Barrers). The above results demonstrated the
dramatic enhancing effect of water retention on,@4gilitated transport. Indeed, the
increase of water concentratioritiin the membrane matrix simultaneously enhances the
mobility of ions and C@across the selective layer and also the, @action rate with
amine carrier$18,96].

On the other hand, the membrane selectivity is differently influenced by the sweep side
water activity and the effect is confirmed by batle investigated gas pairs. Indeed, the
CO./H, and CQ/CH, selectivities increased along with the £@ermeability up to a

72% R.H. reaching a maximum and then they started to decrease. Despite CO
plasticization may occur, the behavior can be mainly relate the wateinduced
swelling, since the CPpartial pressure didn't change for the different tests. After a
certain HO concentration within the membrane matrix value is overcome, the polymeric
chains mobility is enhanced to such an extent that therrebgroperties efficiency is

reduced, allowing an enhancement of the soludifiusion permeable species flux.
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Similar trend has been reported from Xing & H®&] for facilitated transport memanes
containing silica at 15 atm pressure conditions. Conversely, a monotonous increase of
selectivity along with C@permeability has been observed for low pressure conditions
[18,73,96] suggesting that the negative effect on delég after a certain water
concentration in the membrane matrix is mainly associated to the drastic enhancement of

nonreacting species driving force under such severe pressure conditions.
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Figure4.42-1 nf l uence of sweep side R.H. JOHa( 3 )DhearCd?2
COJH,( T ) s el ect {09).iOpeyativé crditignd: ©1073C;p = 15 atm;
dry gas flow rée = 60/30 cm3/min (feed/sweep)

4.3.6 Effect of temperature

Membranes for indusal gas purification are expected to be operated at high
temperatures above 100°C from the energy efficiency point of view. However, few data
on membrane performance at such severe conditions could be found in the literature. As a
supplement, this work ingtigated the membrane transport properties including CO
permeability and C&H, selectivity of the MMMs developed in this work different

high temperature rangingfrom 103°C to 121°C at a feed pressure of 15 atm. All the

other operating conditions aseowedin Table 41.
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Temperature affects the facilitated transport mechanism in two competing ways. On one
hand, higher temperature accelerated the chemical reaction betwegeno&©ules and

amine carriers and the diffusion of the reaction productssadite membrane. On the

other hand, keeping constant the water flow rate injected in the humidifier, the R.H. of
the streams contacting the membrane decreases by increasing the operative temperature.
As shovedin the previous paragraph, the R.H. influencethe CQ transport across the
selective layer is significant, hence a decrease of the water amount in the gaseous streams

determines a reduction of the separation performance of the membrane.

Sample T R.H. CO,Perm COJ/H, COJ/N, CO,/CH,

(°C)  (Feed) (Sweep) (Barrer) - - -

S11 103 100% 86.3% 691 32 225 -
105 100%  86.2% 817 47 370 -
106 100%  77.8% 882 52 403 -
107 100% 72.5% 828 53 451 -
110 100%  67.9% 828 53 451 -

S10 107 100% 72.5% 880 54 - 250
114 100% 57.2% 583 50 - 242
121 100% 45.6% 432 48 - 251

Table4.1 - Gas transport properties of mixed matrix membranes with 2.2 wWtdWRTs
tested at different temperatur&sy gas flow rate = 60/30 cttmin (feed/sweep)

Figure 4.43 illustratethe influence of the operative temperature on two sampié§, S

and S11. Varying T from 103°C to 107°C the GPermeability increases significantly,

and the variation can be mainly related to the increase of the chemical reactions rate and
the products iffusivity across the selective layer. Interestingly, the effect on the reaction
kinetics dominates any other possible impact related to the water retention variation: the
CO, permeability increase takes place along with a decrease of the water coraentrati
within the membrane, even if the R.H. variation is reduced (TabjeAk the same time,

the monotonous decrease of thgpgdrmeability at increasing T determines the(ER

selectivity enhancement, suggesting that thetreinsport rate is mainly rekd to the
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waterinduced swelling of the membrane matrix, which dominates over any possible
kinetic effect associated with an increase of thermal conditions. A maximum is reached at
107°C, showing a C©Opermeability of 886 Barrers accompanied with a J(E
selectivity of 54. Similar behavior has been obtained fo(M\y. 4.44), with the C&N,
selectivity increase even more marked compared te/HGO Indeed, the mobility
reduction, related to the decrease of water concentration, affects more severetethe la
size penetrant, Ncompared to the smaller one;, KTable 1.1.).

Beyond 107°C, the temperature increase (up to 121°C) corresporalsubstantial
reduction of CQ permeability value. This decrease is consistent with the influence of
water retentia on the membrane performance described in the previous paragraph. With
less water retained in the membrane matrix at higher temperature (owing to the reduced
relative humidity), the fast reaction between Dd carriers as well as the mobility of
CO-amine reaction products and mobile carriers was hindered significantly, resulting in
a consequent decrease of membrane performance. Simultanegusirnigability kept
decreasing along with the water content: the reduction of wataced swelling of
membrae matrix affects negatively the hydrogen transport rate. As a consequence, the
CO./H; selectivity decreased slightly when the operative temperature was incréased.
the other handdifferent behavior is observed for Ghwvhich showed anegligible
variation of therelated separation factor the T range 107121°C (Fig. 4.44) Such
behavior may be related to the higher critical temperature and to the higher partial
pressure in the feed stream of Sddmpared to Hand N (feed gas composition20%

CO,, 59.86 CHy, 20.2% H and20% CO,, 40%N,, 40% H), which determine a reduced
impact of the HO concentration on the overall transport properties of this compound.
Thus, for the MMMs developed in this work, 107°C is determined to be the optimal test
temperatureat a feed pressure of 15 atm. Similar results are reported in literature for
other facilitated transport membrane: for example, the optimal test temperature was
100°C for sulfonated polybenzimidazole copolyrnesed membrang32], 107°C for
crosslinked PVAPOS/fumed silica MMM[78], and 110°C for the chitosdrased
membraneg139]. For facilitated transport membranes wahsimilar composition, the

optimal test temperature varied according to the operating conditions. For example, the
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optimal temperature was 110°C for the crosslinked PVA/amine membrane tested at a
feed pressure of 2 atf46], but changed to 106°C when operatetisaatm[77].

The above results show that the membrane performance are very sensitive to some
parameters such as temperature and relative humiditgharaperative conditions which
maximize the separation performance are limited to a narrow.rRegeicechanges of

thee operative conditions may lead to relevant variations in permeability or selectivity

and a very accurate control would be needed in case of further scale up of this

technology.
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Figure4.43 - Effects of operating temperature on the separation performances of MMMs with 2.2
wt% AF-MWNTSs at a feed pressure of 15 atm: (1), @@rmeabilities of Membrane50 ( z )
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4.3.7 Effect of membrane thickness

Different samples of the mixed matrix membrane of the same composition (composition
reference: Sample-@3, Table 3.1) with different thicknesses were also tested under
similar opeative conditions in order to investigate the influence of the selective layer
thickness on the membrane gas transport properties. In particular, a series of permeation
experiments were performed maintaining feed pressure and temperature at 15 atm and
107°C respectively. The test results including gg@rmeability, permeance, selectivities

vs. H, and CH are depicted as a function of selective layer thickness in Figures 4.45 and
4.46.

Figure 4.45 reports the variation of g@ansport rate along with setae layer
thickness: as expected, the £@ermeance was found to decrease incrementing the
membrane thickness, but interestingly the,@@rmeability increased. This phenomenon,
which is seldom reported in the open literafi, 140] canbe explained byhte complex

gas transport mechanisms in the facilitated transport membrane, which involves the
sorption and diffusion of COmolecules and the C&zarrier complexes, creatdxy the

reaction with the mobile and fixed carriers.
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The unreacted C{permeating by solutiodiffusion mechanism isxdeedbelieved to be

a small portion of the total CQlux across the membraifji@6] so that facilitatedransport

is controlling CQ permeation across the membrahethis framework, CO, transport

starts with the reaction between £@nolecules and amine carriers at the feed
gas/membrane interface, followed by the diffusion offtrened CQ-amine complexes

along their concentration gradient across the membrane to the permeate side, where the
bonded C®@ molecules are released into the sweep gas via the reversiblan@ie
reaction.This complex behavior involving both reaction afitfusion cause the transport

to be nonlinear (less then linear) with respect to polymer thickness so that different
behavior of permeability and permeances can be found for the same membnaioee

detail description will follow in Chapter 5.

In Figure 4.46 the selectivity trend is reported as a function of the selective layer
thickness for both gas pairs. As expected, it increased along with the thickness, since the
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flux of the gas species permeating by soluiliffusion decreases to a large extent if

compared to the CQlux, in agreement with the permeability behavior sedhefore.
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Figure4.46 - Influence of the selective layer thickness onthe/CB, ( 0 ) a Hg( 1QO
selectivity (composition refence: sample-80). Operative conditiond: = 107°C;p = 15 atm;
dry gas flow rate = 60/30 c¥imin (feed/sweep); R.H.=100%/72.5% (feed/sweep)
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5.Modeling

In this chapter the experimental data illustrated in the previous sections have been
thoroughly analzed and modeled, aiming at the descriptiothefphysical process that
govern the transporhechanismsandthe achievement o& deepinsight on the effect of
different operative paramesawn the materialtransport properties.

Therefore,the constiitive equatios and the thermodynamic models of interest for the
description ofthe diffusion and the solubility of low molecular weight species in
polymeric systemwiill be briefly presentedSubsequently, these theonedl be suited to

the particularconditions considered during the experimental characterization considered,

and then applied in order to give a theoretical representation of the obtained&lata

5.1 Free Volume Theory

The diffusion of low molecular weight species in polymer systems caepbesented by
the well known free volume theory (FVT140,46,101,141]consideringthe motion of
small molecules within the matrias a series oélementay diffusive jumpsin the
unoccupied volume available for penetranfbe dffusion kineticsare thus strongly
correlated with the free volume present in the polymer matrix, aspiiestented by
Cohen & Turnbull[142], who provided a theoretical description tfe diffusion
coefficient in a liquid composed of hard spés. Theydivided the total volume of the
liquid in two componentsthat occupied by the sphes@and theremainingfree volume.
The free volume may be described in terms of vo®ated by natural thermal
fluctuation, within the framework ofthe hard sjheres. A sphereis able to underga
single diffusion stepvhenthe void size manifested in its neighborhood,large enough
to host its volumeln this view, they developed a distribution functimile to represent
the probability of finding a free voloe hole of a specific size, relating the kinetic
features with the reverse of free volume by means of an exponential equation.

In binary mixtures composed of long molecular chains and small molecule (e.g. solid

polymeric matrix withlow molecular weight peetrant$, the description of thgpolymer
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molecular structurés given by a series ahultiple spheres (or jumping units) covalently
bonded togethein this case, polymer chains cannot entirely diffuse in a single jump, but
their migration is envisioneatbe produced by the motion of small elements composing
the macromoleculesSmall molecules diffusion can take place within these chains
fluctuations, which continuously open free volume elements suitable to host the
penetrants size, favoring their diffosi across the polymer. Vrentas & Dufi43]
divided this quantity inwo contributions (Fig. 5.1)o carefully describe the free volume
available for small penetrants to diffuse: theerstitial free volume, whose redistribution
energy is assumed largaough to daot contribute to the molecules motion across the
polymeic matrix, and thehole free volume, which conversely can redistribute with a
negligible energy contributionHence he latter term is thefree volume fraction
accessible for the diffusion process. Starting from these considerations, Vrentas and Duda
[27] developed a complex mathematical framework captabkeccuratdy descrbe the

self diffusion coefficienof different penetrants ipolymersystems. The model takiggo
account the energrequiredby the moleculeto overcome the attractive forces holding
themto the neighbors, the critical volume required tbe polymeric chain displacement

and the average hole free voluf@&,144]

v
h
. Equilibrium
§ Volume

Free Volume | Free Volume
Excess '

Interstitial
Free Volume

Occupied
' Volume

T, T
Figure5.1 - Polymer volume description by Vrentas and Duda (readdiypim ref. [145])
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The average hole free volume is defined as the difference between the specific volume of
the polymers and the specific volume occupied by the palgmmacromolecules
themselves, which can be obtained from several schemes reported in lifdré6uid 8].

Despite the original formulatiorsimpler correlation of experimental diffusion data in
polymeric materials have been obtained considering the fractional free volume (FFV),
defined as the ratio beeen the average hole free volume and the specific volume of the

polymer. In particular, the FFV is evaluated from the specific volume of the polymer,
\Epol, and the specific volume occupied by the polymeric ché%;;,. This last quantity

is usually consideredorrelatedto the van der Waals volumes of the various portions of

the polymer chains\é’gw), calculated in the present work through the Bondi's group

contribution methodi149], by means of theoflowing relationshig150]:

B \E - 13GE

pol _ VY pol pol

\E

pol

19

FFV V-
T

pol

(5.1)

The 1.3 proportionality factor, of general use in FFV calculations, derives from the
packing density estimatigoandis required taaccountalsofor the volumeof the polymer
phasenaccessibléo host moleculeR29].

Hence, in the Free Volume Theory simplest formulation, the gas diffusion coefficient is

related to the FFV bgneans of the following equatigh51]:

D, =D, oxpie 2§

¢ FFV=: 5:2)

whereD; o andb; are specific parameters for the gagdymer pair considered. Moreover,
as already discussed in the first chaptersimilar dependence from the FFV of the
polymeric matrix can be used to describe the paiiity coefficient[114,150]
. a B 0
P =A (&Xx - 53
=A p('i:e FFV = >3)
For a given system, the penetrfiigte volume interaction parametds;, is practically

temperature independef#t6], whereas the prexponential factorA;, can be expressed
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by an Arrhenius relationship, which exhibits an exponential dependence with the

reciprocal absolute temperature. Eq. 5.2 thus bespme

B

R =AMk o ° 8
¢

. a E,;d0. & :
0 QXF? —T§§®xpge g (5.4)

FFV FFV

|- OO

O?@mo

where A iIs a specific parameter for the gaslymer pair substantiallytemperature
independentwhereasp; is the activation energy of the permeation process.

Eq. 5.4can thus provide the evaluation of thy@s permeability in the polymeric matrix,
using two adjustable parametedg; andB;, together withthe activation energlgr ;, once

the polymer density is available and several examples are available in literature for
permeation data based dry experimetal conditions[46,151 153].

5.2 NELF Model

Several modehg approache$iave been proposed in the pastatlss todescribe the
thermodynamic behaviasf gases and vapors mixtuvath rubbery materialsbut they

have been demonstrated to fail in the description of the solubility coefficient below the
glass transition temperature, because of dbe of the equibrium nature of glassy
polymer systemsEmpirical or semempirical approaches have been proposed to
describe the sorption behavior in glassy polymers (e.g. dual subdeility model[154],
molecularthermodynamic model155], glassy polymer lattice sorption modél56]),
althoughthey do not own angredictive feature.

Doghieri & Sarti [157] in 1996 proposed a rigorous model, based on a thermodynamic
approach capable aéxtending the validity of equation of states in the glassy non
equilibrium conditions, aiming at the description of the solubility of flp@hetants in
glassy polymers. Tk initial model was callednon equilibrium lattice fluid (NELF)
mode] as it wadased on the lattice fluid H) theory, originally presented by Sanchez &
Lacombe in 197§158], whichis often employed for the description of phase equilibria
of polymer/solute systems, in view of its simplicity and accuracy. The LF theory
descibesall the system of interests a lattice, partially filled by different moleculés
macromolecules) whose capability of occupyinghe lattice sites depends on their

structure and molecular weighthe evaluation of the pure component properties is
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provided by the LFmodelwith the use othree characteristic parametenshich are in
turn related to conditions ithe close packed staféhe theoretical maximum density
condition of the lattice):
- the daracteristic density,*, thatrepresents thelose packetmass density fothe
pure component;
- the characteristic pressupg, related to the cohesive energy densitythe same
conditions;
- the characteristic temperatuig?, that is a measure of tlodose packed latticete
energy
These parameters can be obtaibgdhe best fit othe LF equation of state foressure
volume temperature dat®VT) above T for the polymer and to either PVT @apor
liquid equilibrium (VLE)data for thecondensable species
The NELF modEk adopts the same thermodynamic representation and uses the same
parameters of LF equilibrium theory, bektends its validity in the glassy domain
through the use of a consistent and physically rigorous approach. The basic hypothesis of
NELF model is to onsider thenon equilibrium structur@as a thermodynamic systems
endowedwith internal state variabldgnetically frozen at a value different from that of
equilibrium In particular, the polymer density,,, was chosen as thiaternal state
variable forthe systemas it cannot evolve towards equilibrium conditions due to the
kinetics constraint, which hinders polymers relaxation belgw T
From this initial hypothesis, following rigorous thermodynamic argumeéntsgs been
demonstratetl59] that the chemical potential per unit mass of solute in the glassy state,
1N, coincides with the corresponding property calculated for theilequih condition,
uic atthe same temperature, polymer density and system composjtimector of the
mass ratio of the solutes scaled on the polymer miagsat a pressure (corresponding to
the equilibrium value at the given operative condition) which is different from the

experimental one

ME(P.T. 7 g W)= (T, 7 W) (5.5)

This resultrepresergthe core of NELF theorygnd itis independent from the equation of

state considered for the free energy calculation. Nevertheless, it must be pointed out that
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the} pol is @ non equilibrium quantity antcannot be calculated starting from typical

set of variables (i.e. temperature, pressure and composthignjt must be directly
measured for the specific conditions in which the NELF model will be used to solve the
equilibrium problem.The dry polymer density may be used only assuminggligible
swelling induced by penetrants (e.g. low, Bases and low partial pressures); in all the
other cases, density estimation can be carried out through pesiethaced dilation data,
obtained experimentally, or with a novel version of NELF m¢#ié0]. On the basis of

the dimensionless equation provided by the Lthéor the Helmholtz free energyf a
mixture [158], an expression for the non equilibrium chemipatential can thus be
finally obtained:

m* ~ o 1-1°D _rov e, Nt L\
o n(FF)- Inl- Flal+-—i Sy - FAY 2y flp -Do )
RT n(f |) n( l‘) it 4 H hi-r RT gpl + Ja:l 1(p1 DpI,J)H (5.9

D@ D

where:
1 r isthe dimensionless density, calculatedfa,ér* ;

1 £, is the closegpacked volume fraction;

1 ri0 and r; are the number of lattice cells occupied by the component i in the pure

state and in the mixture, respectively;

1V, is the molar volume of the lattice cell;

1 DpIJ describes the interaction energy beén the two specigsand| defined as

Dp'J =p + p; ) 2(1' K; )\/ P ij ;

1 k; is the only binary parameter used to describe the interaction between the two

compounds present in the system.
This quantity is then used to define phase equilibriadmgiclering that even in the glassy
phase the general equilibrium condition holds, stating that the chemical potential of the
same components in the differephases must coinciddn the end,thereforethe
evduation of the solubility of thé\c -1 gaseougpenetrants of the mixture is carried out

solving a set oN¢ -1 pseudoequilibrium equations in order to obtain the mass fraction of
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all penetrants in the polymegjving a direct estimationf their solubility for the given

experimentatonditions.

5.3 Theordical consideration on thermal treatment and aging results

As previously examined irparagraph 4.1, the results obtained @as permeation in
glassy polyimides systems pretreated at different temperature and those obtained at
different times after suchdatment (agingtan be explained irthe framework of free
volume analysisEquation 5.1 could be thus used to describe the variation of the
diffusion coefficients both for CQand CH, as related to changes in the free volume
available for penetrant diffiens due to thermal or aging rearrangements of the polymer
macromolecules.

In particular,the comparison ofhe diffusivity at a given state (specific pretreatment or
aging time)with that obtainedor Ma50, chosen as refereng@pvides thediffusivity

ratio, which is related to the difference in fractional free volumes between the two states

as follows
Di stateX é é‘ 1 1 &
’ = expéb, & - Q) (5.7)
Di,Ma5O é (i‘a:FVMaw I:I:VstateX (—)g
For carbon dioxide and methane it is thus possible to write:
?p 1 _ 1 g: l In DCOZ,statex
gq:FVMaSO FFVstateX 9 bCOZ DCOZ,MaSO
° ~ (5.8)
gp l _ 1 8: 1 In DCH4,stateX
(;)a:FVMaSO FFVstateX 9 bCH4 DCH4,Ma50

The left term must be idenal for CQ;and CH, producing the following relationship:

aD 0 b, 4D o
|nde_CostaeX _ CO, | Za CH, stateX @ (5.9)

~

geDcoz,Masog bCH4 gaDCHA,Masog
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_ . aD. Q apn Q. _
Hence, reportinghe two quantitiednde 22X 0 gnd In%M%n a plot a linear
g COp,Ma50 —+ Q CHg,Ma50 =

relationship shouldhold. Figure 5.2 reports the resultbtained for the different thermal
pretreatments and, ame can seea linear relationship well representhe data obtained
from experimental diffusivity datgregression coefficient = 0.993providing further
support to the proposed theoretical analy8isower regression coefficient is found for
the diffusion coefficient measured for the specimen Ma50 as a function of the
investigated aging timesalthough the obtained value remains higher tharbQ,
suggesting a satisfying correlation with the propaseory

In addition, it should be noted that the slopes of the experimental curves related to the

beo, [ bey, ratio for the two cases, pretreatment and aging, are extremely similar, with

differences in the order of 10%, likely related to ekpental uncertainty arisen by the
completely different processes investigated during the experimental campaign. This
feature further support, in a qualitative way, the hypothesis that the effect of aging and
pretreatment effect on permeability are botrated to variations in the fractional free

volume of the polymeric matrix

0.0 K T u T y 0 u T LI J T T v v T T T |
[ o
e
m 35°C A 45°C @ 55°C o]
02} . 1
- / o
. 7
204l s ]
E» L s
Q o06f .7 y=1.3181x ]
- i g° R’=0.993 ]
© 7
=08} %" ]
O L 7,
o | s
£ 1.0] 2
Lall W, - * 7 -
- / .
r 7
_12 L a L 1 N ' N 1 N s s 1 ' s s 1 N L L
1.0 0.8 0.6 0.4 o 0.0
]n(DCOQ,state X /Dcoz, Ma50)

Figure5.2 - Analysis of different T pretreatments (Ma50, Mal100, Mal150 and Ma200) diffusion
coefficient based on the Free Volumesthy
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Figure5.3 - Analysis of Ma50 diffusion coefficient for different aging times
based on the Free Volume Theory

5.4 Modeling humid gas permeability

In Chapter 4, it has been showed that the experimesalgability behaviors in presence

of water vapor of the different penetrants and at the different temperatures in Matrimid
are quite similar, as they decreasavater activity increaselsy approximately the same
extent. This trends may be explained catiah the permeability decrease directly to the
water content in the membrane, also in view of a negligible temperature effect on water
solubility in Matrimid in the inspected T range (paragraph 4.2.1). In particular, a
mechanism otompetitive sorptiorof the gaseous penetrant withe more condensable
species (waterjs establishedieading to the observed permeability reduction. It is thus
assumed that watas preferentiallyabsorbed in the polymers occupying free volume
sites available for gas diffusidn the glassy matrixwith a consequent reduction of the
permeability, as already reported for other polyimidd60,124,125,161] Such
explanation indeed do not consider any preferential or specific interactioedretyas
molecules and water or polymer, thus explaining why, from an experimental point of

view, the permeability of a small gas molecule, like He, is affected by the presence of
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H,O as much as the permeability of £@uch larger and definitely more comdable

than He.

The decrease dheavailable free volume induced by the presence of water is expected to
affect, in principle, both penetrant diffusion and solubility coefficient in the polymer, thus
resulting in an overall permeability decrease for aeag.In this concerntwo different
approaches will be proposed.

In the first one, a simple empirical model will be used to describe the permeability
variation, assuminghat the predominant effect of water presence in the miaaix be
attributed to the kinetic part of permeation, neglectintn first approximation any
contribution given by solubility coefficientThese assumptionkead to the behavior
observed experimentally withpermeability values lower in humid conditions with
respect to those imé dry stateasthe probability for a gas molecule to find an available

site to diffuse inside the membrane is reduced by the presence of water. The larger is the
amount of HO present in the membrane matrix, the lower is the free volume accessible
to otrer gases, and thus the lower will be their effective diffusivity across the membrane.

In a second modeling scheme, the present free volume approach is combined to a
thermodynamic model, capable to predict the solubility coefficient, taking advantage of
the concepts proposed in the empirical model. Despite the mathematical complexity, the
more rigorous approach will allow the exhaustive description of the physical phenomena
associated to the particular studied conditions.

5.4.1 Free volume based empirical model

As previously reported, the presence of stationary water inside the membrane decreases
the fractional free volume actually available for gas molecules to diffuse, slowing down
the permeation process of incondensable specias. difect is accounted forybthe
estimation of thé-FV in humid conditionFFVhmid (), which is carried outonsidering

that the occupied volume unavailable for diffusion is now tdusoth the polymer chain
contribution, V,,, and the contributior\/ﬁ20 of the water molecules absorbed in the

polymer matrix. Thus we have:
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V-V -Vio Vo, -13veW-13vY
FFthmid(a): pol \/pol H20 — pol \p}ol H20 (510)

pol pol

In the more general case, thealue of FFVhumig cannot bereadily obtained asaccurate
measurements of polymer dilation upon water sorpttould be requirediogether with

the estimation of the volume occupied by water inside the matrix. However, in the
investigated conditions, ¢hpolymer swelling associated to water sorption is actually
negligible due to the high rigidity of the polymstructure and to the low amount of
water absorbed by the polymdihat greatly simplifies the estimation BFVpymig Since

VO

oo IS the same as for dry conditions.

Regardingthe volume occupied by the water absorbed in the matf@éo, we will

consider two different casesepresentingthe two limiting conditions for the actual

behavior. In particular, we will consider that the volume occupied per unit mass of
dissolved water\ﬁ,ﬁ’zo, may be either congta with water activity (case a), or variable

with water activity due to ideal water clustering (case b)

Case a) is expected to hold true in the lower activity raage its use will provide an
overestimation of the total occupied volumaé higher activiy valuesand thus an
underestimation of the value &FVnumi¢ In this case, the volume of a single water
molecule is assumed constant and proportional to its van der Waals volume, over the
entire activity range, so that the portion of FFV occupied by miatedhe membrane

matrix is evaluated directly from the water solubility isotherms. Consequently, the ratio
V,j’zo /Vpo| to be used in Equation 5.10 for the calculatiofrBY,ymiqiS given by:

0 vdw AW
Voo L1309 13EY

= = W
Vv V., \Epm H20 (a) (5.11)

pol

where W,, o (a) is the mass ratio of the dissolved water, iR/@y01, directly given by the

water solubility isotherm (Fig. 5.4, solid line).
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Case b), on the other hand, allows to account for the variation with water activity of the

average volume occupidxy water per unit masSE’zo , as a consequence of the possible

self-association of water molecules, which redu\%zco as the water activity increases.

Selfassociation and clustering phenomena are indeed known toindd® sorption in
polyimide materials at high R.H., and to affect significantly the average volume of a
single HO molecule absorbed in the membrane md62,163] Following Zimm and
Lundberg[164], who studied water sorption in many polymeater mixtures, clustering
occurs when, due to mutual interaction (hydrogen bonding), the distance between the
centers of two absorbed water molecules becomes loveer dme molecular size.
Consequently, the volume afwater molecules clustered together is lower thaimes

the volume of single water molecules, with a clear influence on the actual volume
occupied by the water molecules in the polymigre assunption d no watefinduced

swelling to the polymer matribeads to the estimation tfe volume actually occupied by
water lower than the one calculated in case a) (con‘s%et), and correspondingly the

FFVhumig Obtained is larger than in cagg In the cases here inspectéus process seems

to start at about 60% R.Hat whichthe watersolubility isotherms in Matrimid [47],
substantially linear in the low activity region, shows a clear upturn in solubilitis

feature is often related tihe selfassociation of water molecul€$6,59,60,116] The

behavior of thesolubility isothermsll ustratedn Figure 5.4 shows that below about 60%
activity, at whichwaterwat er i nteraction are negligible,

experimentatata, that is
W o(a)=H& (5.12)

where H is the Henry's constant.

On the other &nd, at higher activitiesat which clustering phenomena occu,clear

deviation from the ideal linear trend is observed. In the ideal clustering behareior

assume that the total free volume unavailable to other gases is that occupied by the
dissolved vater molecules which do not interact with one another, whose amount is
represented by the Henryds | aw |ine of the s

water sorbed in excess to Henryos | aw | ine i
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volume already occupied by the norieracting water molecules, and thus it does not

contribute to the free volume unavailable to other gases
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Figure5.4 - Sorption isotherm theoretical description

This asumption leads to an underestimation of the occupied volume and to an
overestimation of theFFVihumiq valug so thatthe cases a) and b) here considered
reasonably give the lower and the upper limiting value& Ff,ymiq¢

According to the assumptions aise b), in the ideal clustering condition one has:

VAT e VAGA A I V=)
—=———2t-= \EZ H G (5.13)
v Vpol pol

pol

The FFVhumigvalues calculated in the twioniting conditions considered, case a) and case
b), are represented in Figure 5The curves are obtaindm thebest fit procedureof

the actual water solubility isotherrii@. 5.4,continuous linglas we | | as the
line bestdescribedthe linear portion of the isothernki). 5.4,dotted line). The latter
curvehas been used to calculd&&Vihymiq in the ideal clugring case through Equation

5.13, wrereaghe actual isotherm is used to calculBE&/hymigin the (:onstamd_%ﬂ)20 case

through Eq. 5.9.
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All the parameters used to estimate of kR (a) are summarized in Table 5.1

As expected, botlases a) and b) lead to the same valudsFdf,ymig in the low water
activity range as long as the solubility isotherm is actually linear versus R.H. (up to about
60% R.H.), whereas at higher activities, where clustering is likely taking place, case a)

would predict a higher free volume decrease with respect to the ideal clustering case b).

0.15
0.14

S i
L 0.13

0.12F - - - - ldeal Clustering
' 19 ,constant

0.0 02 04 06 08 10

0.1 . L

H,O Activity

Figure5.5 - Variation of FFV as a function of R.H. for the two cases considered

y (2¢€ \Ep/glw [46] chigv [165] H
(glcn?) (cn/g) (cn/g) (9r20/ Grod)
1.238 0.532 0.602 0.018

Tableb.1 - Parameters considered for the proposed model

The resulting values dfFFVhumiq at the different R.H. are then used in Equation 5.3 to
calculate the permeability of all penetrants, in hupodditions.Two fitting parameters
were considered for each gaslymer pair, namelyA,; and B;, while, due toa non

significanteffect of water on the activation energy discussed in the previous sections,
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the Ep;, values for all peetrants were considered equal to the ones obtained for the dry

conditions and were taken constant over the entire activity range.

Figures from 5.6 to 5.9 report the comparison between the results of the proposed model

and the experimental permeability dath the four different penetrants at the three

different temperatures: the solid lines refer to case a) (coﬁ&’g@b, whereas the dotted

lines represent the ideal clustering case (case b). As one can see, a remarkable agreement

with the experimental permeability is obtained by using for each gas considered only two

adjustable parametersg fand Bi, whose values are reported in Table 5.2.

Interestingly, the parameteBs used in the model calculatigres retrieved from the best

fit of the experimental dataye very similar to those already reported in the literature for

the different gaseous species, which have been also indicated in Table 3 for the sake of

comparison. In particular, the B parameter for,@Qual to 0.88, is comparabwith the

value of 0.86 obtained by Park & Paul50] based on group contribution methods,

whereas the values for,Mind CH are similar to the ones reported by Rowe ef34l],

obtained byinvestigatingaging effect on the transport propertie$ Matrimid samples.

Likewise, the parametew;, calculated by means of Eafion 5.3, are comparable with

the data available in the open literature: for,@Hd N for exampleat 35°C A, is equal

to 128 Barrer and 138 Barrer respectively (case a), very similar to the values of 114

Barrer and 95 Barrer reported by Rowe ef39)].

In spite of its simplicity, therefore, the model is able to describe rather accurately the

experimental perembility behaviors under humid conditions at different temperatures,

with only two adjustable parameters per penetrant, suggesting that the physical

description presented is highly representative of the real mechanism of the transport

process under humidbnditions.

CH, N, COo, He
Ao B Ay B A B Ao B
(Barrer) - (Barrer) - (Barrer) - (Barrer) -
Thiswork | 3.5:16 0.91 | 44.10 090 | 1.97-16 0.88| 4.60-10 0.98
Refs[39,150] - 0.967 - 0.914 - 0.86 - 0.701

Table5.2 - Ay and B values for the propasenodel
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Figure5.6 - Free Volume Theory Model results for ¢permeability

Figureb.7 - Free Volume Theory Model results fop permeability
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