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Abstract

Mixed matrix membranes based on modified polyimidesl silicalite-1 were
prepared and studied. The novel preparation apbroaasists in improvement of the
interfacial adhesion by employment of the couplaggnt 3-aminopropyltriethoxysilane
in such a way which leads to forming of chemicahd® between polyimide and
silicalite-1. Firstly polyimide chains were endcagpby this agent which subsequently
enabled their reaction with groups naturally présamsilicalite-1 surface. Membranes
with silicalite-1 content up to 60 wt. % were pregghand characterized by SEM, light
microscopy and permeation of gases, prevailingl®f The accessibility of sililicalite-1
pores prior to embedding and after embedding iotgrperic matrices was studied by an
iodine indicator technique. The permeability of nieames for gases was measured using
a semi-open permeation apparatus with a small welufelium permeability depended
on filler content and increased monotonously wita increasing content of filler. There
were, however, significant deviations of the perhilég dependences on filler content
from shapes predicted by Bruggeman’s model. Thditgtige explanation of the data
disagreement with the model was proposed based sinagfication of mixed matrix
membranes found by SEM.

Mixed matrix membranes, polyimide, zeolite, silitall, gas permeability, helium.

1. Introduction

Gas separation by selective permeation throughnpelymembranes is one of the
fastest growing branches of separation technoldtyg. permeability of pure polymeric
membranes for gases has its upper bound which eavdrcome by formation of mixed
matrix membranes containing as the other constitparticles of a microporous sorbent!
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[1]. The feasibility of preparation procedures tamufacture polyimide based membranes
with enhanced permeability for gases was examingla present work using silicalite-1

crystals as the microporous constituent. The efféctilicalite-1 content on membrane

permeability of self-standing composite membranes wtudied using non-stationary
measurement of gas permeation carried out in a-gtesdy state regime. The prevailing

test penetrant used was helium.

2. Experimental

Chemicals

4.4'- (hexafluoroisopropylidene)diphtalic anhydri@@-DA), Chriskev;
Pyromellitic dianhydride (PMDA), Aldrich;
5,5-oxybis-1,3-isobenzofurandione (ODPA), Chriskev
4,4-(1,4-phenylenediisopropylidene)bisaniline (BIS R)tsui;
4.4’-oxydianiline, (ODA), Aldrich;

3-aminopropyltriethoxysilane (APTES), ABCR,;
N,N-dimethylformamide (DMF), Aldrich;

TOSIL, Czech industrial product produced by TonidsS&mice
Tetrapropylammonium bromide, Fluka;

Sodium bicarbonate, Solvay;

Silicalite-1 preparation

The silicalite-1 crystals were grown by reactinkicai sol (Tosil), tetrapropylammonium
bromide and sodium bicarbonate. The reaction ged Wweat-treated in Teflon-lined
stainless steel autoclave at autogenous presstiewvistirring. The size of the crystals
was controlled by selecting the proper duratiorrgstallization which was in the range
between 8 and 24 h. Temperature of the synthess1®@°C. After slow cooling of the
autoclave, the crystals were filtered, washed aeticas described in [2]. The template
tetrapropylammonium cation was removed in a sistige calcination process under the
flow of an air stream of 600 ml.min The following heating program was applied to the
shallow bed of crystals: heating up at the rate0&°C.min* until reaching 550°C,
maintaining at 550°C for 12 h and cooling at thee raf 2°C.mift to the laboratory
temperature.

Polymer precursor preparation

All glassware was dried in an oven at 120°C fort3fore use and the syntheses were
carried out under an inert atmosphere to excludeetfect of air humidity. The polyamic
acids (PAAs) with controlled molecular mass , Mvere terminated by 3-
aminopropyltriethoxysilane (APTES) and prepared an250 ml two-necked flask
equipped with a magnetic stirrer and a nitrogeetioltlet. A typical example of the
synthesis of the terminated PAA of this type (With = 10 000 g.ma) is as follows:
5.9257 g (0.01910 mol) ODPA was dissolved in 30omDMF and 0.4543 g (0.00205
mol) of the terminating agent (APTES) was added (tleighing dish + funnel was rinsed
with 15 ml DMF) to the reaction mixture and allowdreact with ODPA for 2 h. 3.6583
g (0.01827 mol) ODA (15 ml DMF used for rinsing) swhen added and the reaction was
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allowed to proceed at room temperature for 24 ke Thwt. % solution of PAA obtained
in this way was rather viscous and thus it wasteidwy addition of another portion of
the same solvent to resulting concentration of 10%: These diluted PAA solutions
were used as the precursors of Pls.

Membr ane preparation

Mixed matrix membranes Pl — Silicalite-1 were @megal by adding the zeolite
crystals to the solution of the precursor underisgi. The content of the calcined zeolite
in the resulting composites ranged as a rule fraim B0 wt. %. Occasionally, the upper
limit of zeolite content was even 60 wt. %. Thepganation of suspension under stirring
proceeded for at least 1 h.

The prepared dispersion was cast on Teflon suppéer evaporating the solvent,
the films were gradually thermally imidized at 1Q0th, 150°C/1h, 200°C/2h and
230°C/1h. The Pl sheets were easily removed from Treflon and used for
characterization and/or further treatment. The kimdss of the films increased with
content of the filler.

lodineindicator technique

The iodine indicator technique (IIT) is an oridingchnique developed in our
laboratory which allows among others a quick chefciccessibility of pores of zeolites.
In relation to composites it was reported for thst ftime to characterize accessibility of
silicalite-1 crystals in polyimides in Ref. [3].dme molecule is represented by a cylinder
of 0.40 nmx 0.66 nm [4], [5]. This size fits well in the oxygavindows of MFI type
structure (straight channels 0.56 m9.53 nm and sinusoidal channels 0.51 nm x 0.55
nm). Fine iodine particles representing the souwfcédine vapour were placed at the
beginning of the colouring experiment into a mitlicegether with a sample. All the
observations were made at 25°C in ambient air. ddleuring of crystals proceeded
rapidly in case when no strongly sorbed moleculesevpresent in silicalite-1 channels.
Pre-adsorbed species, however, may consideraldydrétie colouring kinetics [6]. All
the colouring experiments in the present study vpendéormed in the vapour phase by
contacting the iodine particles with the samplee Thlouring was monitored using the
light microscopy (PERAVAL, Interphako, Carl Zeis3ena) coupled with a digital
camera (Nikon Coolpix 95). The sorption kineticsswaonitored by taking coloured
photographs at different contact time. These phagats were used to check accessibility
of the pores after template removal. To run colayréxperiments with PI-Silicalite-1
composites, circular discs of the diameter of aldubm were cut from the foil. The
experiments then started by contacting the iodiaeigles with either side of the foil.
Each circular disc was cut from the same foil as torresponding membrane for
permeation test.

Per meation measurements

Three non-stationary permeation apparatuses ofasiroonstruction were built to
measure permeation of gases through the membr&hes [typical arrangement of a
permeation apparatus constructed to measure veryriolar flows of gases which was
used in this work is shown in Fig. 1. 3
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The apparatus (Fig. 1) was
equipped with two pressure
gauges. The gauge with lower

Pressure
gauge [

Pressure
gauge 11

excess pressure range madt

possible to start depressuriza- - > >

tion runs with maximum De— v X

starting pressure excedg, of P Membrane
150 kPa. The other one esinput —Pp—X] X =
extended this region to 2.5 Si 5. Vo

MPa. The apparatuses differed st

from each other in size of the

total measuring volumeVy v

which was represented for Sk [
measuring of low permeation
flows by the total volume of
the tublng (i.e.Vt1+Vt3+Vt4).
This was the only way to
minimize the magnitude of the
measuring volume which was
a necessary condition to
measure very low perme- Fig. 1: Scheme of the permeation apparatys.. W;s
ability. Any depressurization are volumes of the respective tubing sections,i®/
run was started after cylinder volume and S.. S are stopcocks.
pressurization of the volume
Vut+Vyu by opening the valves. All the measurements were carried on at room
temperature (i.e. 25°C).

The basis for treatment of permeation runs is &atrhy Eq (2) which represents the
mass balance equation for the permeation appadodbined with the constitutive
equation (1).

Vr

Lo @: P~ Pa
j=P =P @)
dZp _ PRTQ
-— =" ~/p=a4
at  vyo PP @

In these equationB is the membrane permeability [mol'rs®.Pa'], Jis membrane
thicknessp is the actual pressure in the apparatuspgmdpresents the ambient pressure,
further onj is the flow density [mol.M.s"] of the penetrant through the membrane in the
direction of the membrane normal pointing out of thpparatus an@ denotes the
membrane cross-sectional area.

It should be noted that the validity of Eq (2)aixonsequence of the assumption on
the existence of so called quasi-stationary sttés assumption means that at any time
instant there is established a steady-state comtiemt profile of the penetrant in the

4
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membrane. The condition necessary for the existehtiee quasi-stationary state in the
membrane is the validity of the relation (3):

VZ

— >> QXK 3

Ry > QK> 3

where K is the overall Henry's law constant for the peaetrin the composite
membrane. The condition (3) was fulfilled for opparatuses with He used as penetrant.

Solution of Eq (2) subject to initial conditioAp(0) = 4p, can be written in the form of
Eq (4), which is comfortable for evaluation of pesability P.

In{ 4p(t)/4p, } = In{exp(at)} = -at (4)
3. Resultsand discusion
M embr ane constituents

Matrix

Polyimides modified by the coupling agent 3-amimgyltriethoxysilane (APTES)
used as the matrix of membranes are listed inZig.

o 0 Mg a
CHy CH,
b0 -OHO:

Pl {PMD& 008 PI{PMDA BIS P

o 0 [a 0
- o } a CHy o CHy

Nm N—{ >—o ——N;g/ N—(j }iﬂim

Q ] | o o n
Pl (ODPA-0DA) Pl (ODPA-BIS P)

Lu} CFy o

[u] o
PI(BF D& D&Y
Fig. 2: The types of polyimides used as the maifimembranes
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Each of these APTES modified Pls was found to fareonsistent membrane filled
with  silicalite-1  crystals,

whereas without APTES only _N_(CHZ);SE?OCéZ'ﬁs _Ho _N_(CHZ)S_Si:?gH
Pl based on 6FDA and ODA oC,H, - C.H:OH

formed mixed matrix

membranes filled with oH HO o
silicalite-1. This corresponds —N—(CH,);s{-0H + HO—] ——= —N—(CH,);Si=0
with a presumption of a Si-O-Si OH HO% "o \OE

group formation between the

polymer matrix and the zeolite
surface groups. The reaction
between the end groups of the
modified polyimides and the
groups on the external zeolite surface may procgedlevated temperatures during
transformation of PAA into the final Pl as showrFig. 3.

Fig. 3: Formation of chemical bonds between the
groups of the polymer and the groups on the st
of the zeolite.

Silicalite-1 crystals used asfillers

From the silicalite-1 samples prepared accordmghe procedure described above
were selected as filling materials for the presgatly those with crystal size 2@n and
100 um. These silicalite-1 crystals were (i) coffin-skdpcrystals of crystal length, =
100 pm and (ii) boat-shaped crystals of crystajtleri, = 20 um as it is shown in Fig. 4.

silicalite-1-20um silicalite-1-10Qum
Fig. 4: SEM photos of the silicalite-1 crystalsttieere used as fillers of membranes.

The Si/Al ratio of the prepared silicalite-1 cmist was found to fall into the range
350 to 360. Due to low Al content the silicalitesdmples were sufficiently hydrophobic
and for this reason all the manipulation with silite-1 crystals could be carried in the
presence of atmospheric humidity. Thus, IIT cousbdbe applied on air. The application
of IIT showed a full accessibility of silicalite-thannels selected for embedding in
polymers. The result of [IT experiment was a caloegrof initially colourless crystals to
dark violet tint as exemplified by a light micropenimage (Fig. 5).
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Fig. 5. Picture of colouring process of non-embelddeystals free of template taken a
few seconds after their contact with an iodineiplr{the big black corpuscle).

Preparation and characterization of membrane and its constituents

Polymer

In most cases, powder of the solid dianhydridedded to diamine solution. The
reverse order (i.e. solid diamine addition to diaride solution) was used to preparation
of PAAs with controlled M. The amount of APTES was calculated for a wayrépare
the PAA with controlled M = 10 000 g.mét and molecules endcapped by APTES.
There is a relationship between, Mnd the amount of the end groups. In general, the
higher amount of the end groups the shorter madeallains and lower MIt means that
one has to choose optimal amount of APTES to oltaiymer with sufficiently high M
and amount of the reactive end groups.

All PAAs were prepared as 15 wt. % solution in Dsliird subsequently diluted to 10
wt. % solution in DMF. The concentration of PAA ¢tais the thickness of membrane.
The higher concentration of PAA results in the lighiscosity of solution and the higher
thickness of the final membrane. On the other htmudlow concentration of PAAs
causes formation of defects in the films.

The above described procedure was used to prefdPdAs terminated by APTES
with the theoretical M= 10 000 g.mat. These were based on monomer combination7$
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PMDA-ODA, ODPA-ODA, PMDA-BIS P, ODPA-BIS P and 6FDBDA. The scheme
of preparation of the PAA based on 6FDA and ODAvieated by APTES is used as an
example and it is shown in Fig. 6.

Q CF, o
o o

/OC2H5
NH1(CH,);8{-OC,H,
OC,H,

HooC —@— COOH
HC,0, O CF O O CF. ‘ OCH,
H co “Si-(CH,);-NH COOH Hooc | NH~(CH, )—s| OCH

Fig. 6. Preparation of PAA (6FDA-ODA) with contretl M, terminated by APTES.

DMF
RT, N,, 24 h

Membranes

Mixed matrix membranes were prepared by admixifigatite-1 crystals into the
solution of APTES terminated PAA. The PAA concetitra in the solution was 10 wit.
%. Silicalite-1 crystals were added into the solatin such amounts to reach a range
from 0 to 60 wt. % in the final MMM. Films of PI dilled Pl were prepared by heat
transformation of PAA solution or PAA-filler dispgon cast on a Teflon support. Final
films were easily removed from Teflon support amdracterized. The reaction scheme
of the transformation of PAA to Pl is shown in Fig.

HOOC @ COOH
O CF O CF
H CO SI (CH,)5NH COOH HOOC NH - (CHQ)—SI OCH

-H,0 \ o7
CF, o Q CF, o
o
%o Si-(CH,); O CF NOO N O ct=3 N—(CHZ)gsfog
o
e} "o e}

Fig. 7. Transformation of PAA (6FDA-ODA) terminategt APTES to final Pl including
bonding of APTES terminated polymer to silicalitesurface.
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The polyimide type, Tablel: List of mixed matrix membranes made of APT
silicalite-1 crystal size terminated PAA and silicalite-1 crystals.

and its content in MMM Polyimide Crystal size  Content of filler
are listed in Table 1. matrix type (um) (wt.%)

The thickness of Pl “gF5A"GDA 20, 100 0, 10, 20, 30, 40, 50, 60
membranes was found pypA.ODA 20 0, 10, 20, 30, 50
to be in the range from  oppa.ODA 20, 100 0, 10, 20, 30, 40, 50, 60
45 to 180 um. The  pMDA-BISP 20 0, 10, 20, 30, 40
thickness  of  filed oppA-BIS P 20 0, 10, 20, 30, 50

membranes increased
with increasing amount of the filler.

Per meation characteristics of the synthesized membranes

Five various types of modified Pls were used teppre five series of membranes
with different content of silicalite-1 with crystééngth 20um and two series filled with
crystals of the length 100m. The first set of the five series of membranes wsed to
study the dependence of membrane permeability eryjte of polymer matrix and the
amount of the filler. The content of the filler @ach series ranged from 0 to 50 wt. %.
The results of the permeation measurements are atigad in Fig. 8. The corresponding
permeability values of the membranes for He areemivogether with membrane
composition in Table 2. Membranes based on Pl Bl¥A-BIS P were rather fragile
and thus, their permeabilities could not be measure

80
Y 70 4 ™ # GFDA-ODA
’:‘g 1
- 604 ACDPABISP
E
g 50 | W PMDA-ODA
DR - # CODPA-ODA
2L 40 4
z A
3
2 ¥ .
g 1 A
2 20
g L J ]
= *
91 - a *

] . v

03 T T T T T T T T T T .
O 10 20 0 40 50 &0

Content of filler [wt.%]

Fig. 8. Dependence of permeability of membrandsdfiby silicalite-1 (crystal size 20
pm) on the filler content (specification of the sdegpis given in Table 2).
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Table 2: Permeabilities of membranes filled bycsiiie-1 with crystals length 20m.

Content of  Permeability of He
filler (Wt.%)  (10"°mol.m*.s*.Pa)

Polymer matrix type

O S 0 2.1
10 3.7
“i;@ié“ O °@} 20 5.9
° ° " 30 6.1
PMDA-ODA 50 17.2
0 2.2
9 . P 10 3.5
;Q/ Oi@ 20 5.0
d \ " 30 9.7
40 10.1
ODPA-ODA e 126
[o o 0 6.4
i ° O CQ e 10 9.3
>Y\© O\iﬁ LNL 20 24.7
-° ° " 30 35.8
ODPA-BIS P
Mo cF, 0 0 16.3
L 10 27.6
LYo 20 43.2
-© ° " 30 69.1
6FDA-ODA

One can see in Fig. 8 a pronounced dependende gfermeability on the amount of
the filler in each series of these MMMs. Thus, da. filler content 30 wt. % the
permeability is higher as compared with that of ¢tberesponding pure polymeric matrix
by a factor ranging from 2.9 to 5.6.

The permeability depends on the type of Pl mattigzan be seen from comparison of
permeability data for pure polymer matrices in EaBl It is obvious (cf. Fig. 8) that
series PMDA-ODA and ODPA-ODA have much lower perbili#es than series ODPA-
BIS P and 6FDA-ODA. One can also conclude thaptaoement of PMDA by ODPA in
PMDA-ODA has not caused any change in the membpaneeabilities for helium. At
given content of the filler are the permeabilitfgthe membranes based on PMDA and
ODA and on ODPA and ODA practically the same focheaouple. On the other hand
the replacement of PMDA by 6FDA in the PMDA-ODA amices permeabilities in
comparison with the corresponding Pl membranesdfdiéler by about factor eight i.e.
from 2.1x10" to 16.%10™® mol.m'.s*.Pa’. This permeability increase is even more
pronounced for higher content of filler in theseD@+-ODA type membranes. Thus, e.qg.
permeability of membranes containing 30 wt.% dtalite-1 was increased by more than
order of magnitude from 6x10"° to 69.10"° mol.m".s*.Pa’.

The relationship between gas permeability and atisg (approximate average
intersegmental distances of polymers) was refetweoly many authors, e.g. by Kesting
[8]. The value of d- spacing is 0.46 nm for PMDA-®@nd 0.56 nm for 6FDA-ODA. 0
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The ODA segment is the dominant factor in the dweieation of the d-spacing and the
intrasegmental motions which are involved in tratishal mobility of dissolved
molecules. Replacement of PMDA with 6FDA causeggaificant increase in d-spacing.
At the same time the number of mobile -O- linkaigedecreased by about 40 % per unit
volume in the 6FDA-ODA and mobility is further rasted by the -C(C§,- linkages
[8]. Thus the increase in free volume and chaiffnstss work in concert to increase
penetrant permeability.

An equivalent explanation can be applied to thedase of permeability after the
replacement of ODA by BIS P in ODPA-ODA. The effadtthis replacement is less
pronounced than the one found after replacemeRiMIDA by 6FDA. The reason most
likely is a smaller size difference between linkag€(CH),- and -O- than that between -
C(CR),- and -O-.

Furthermore, it can be seen that MMMs permeagditignificantly depend on the
filler content. They increase monotonously withreesing filler content. A more detailed
analysis of the shape of the dependences is giedmb

The permeabilities of some membranes containingriD60 wt. % of the filler are
not shown in Fig. 8. This is because during thengability measurement they behaved
as the defective membranes.

Slightly different behaviour was found for memleaseries based on 6FDA-ODA
filled with silicalite-1 crystal size 10@m as it is shown in Fig. 9. There is a remarkably
steep increase in  membrane 100000 <

permeabilities for higher filler 2" 1l c6FDA-CDA 100

content. Thus the permeability value & g 10000 4 =

for membrane based on 6FDA-ODA £ £ 1000 ]

with filler content of 50 wt. % is § E

about 10 times higher than that of the £ £ 100 5 o 7

corresponding pure Pl membrane. éﬁb 1wd , O ? -
= 0 10 20 30 40 50 60

The explanation could be sought in
filler distribution in membranes
containing more than 30 wt. % of
filler. As an example the structure of Fig. 9. Dependence of permeability
membrane based on 6FDA-ODA andmembranes filled by silicalite-1 (crys$taize
60 wt.% of filler revealed by SEM is 100pm) on the filler content

shown in Fig. 10.

Content of filler [wt. %]

11
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Fig. 10. The SEM image of membrane made of PI(6RDI2A) filled by 60 wt. % of
silicalite-1.

It appears (cf. Fig. 10) that the membrane wti§ied. In particular, more than 4/5 of
the membrane depth represents a layer containirggopares and only a layer of the
thickness of about 100m represents a compact mixed matrix composite.tfiic&ness
of this composite layer is comparable with thecalite-1 crystals length (1Qdm). In this
way paths of very low mass transport resistances foemed.

A similar effect of the permeability enhancemeiaisvdescribed by Duval et al. [9] as
a result of poor adhesion between rigid organicymeirs and inorganic fillers. The
membranes in our work were made of Pl modified IRTES which is supposed to react
with hydroxyl groups present on surface of siligall and thus form chemical bonds
between the modified Pl matrix and surface of iherf It means that the surface of all
the crystals is assumed to be covered by a PI.l&ygr 11 showing the membrane cut
with seven times higher magnification (i.e. 3%@onfirms this assumption.

12
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Fig. 11. The detail SEM image of membrane madel@H®DA-ODA) filled by 60 wt. %
of silicalite-1.

Similar stratification of membranes was evidendsdfor other membrane series
prepared in our lab. The stratification occurrecewfiller content was of 50 % by mass.
A formation of a layer containing macropores ocedrirrespective of the accessibility
the filler micropores. It appears therefore tha gelected combination of Pl matrices
with the silicalite-1 filler or Si@ particles of other type might represent a novetedo
preparation of asymmetric mixed matrix membranaschSa lamellar system might
contain (i) a relatively thin top layer of pure wpwaler, (i) a bottom layer with a
continuous system of macropores between agglutinzdgticles of the filler and/or (iii) a
rather compact composite layer polymer + fillereérof a continuous system of
macropores). We also did not observe any formatibra macroporous layer upon
substitution of PI matrix modified by the APTES fpolyimide-polysiloxane matrices
free of any coupling agent.

Comparison of experimentally estimated per meability with a theor etical model

To compare the dependence of permeability on timead of the filler the theoretical
Bruggeman model (5) was applied.

(P /R)=(Ry /R P )
{ 1-(P,/P.) }[P] “lma )

c

13
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wherePg is the effective permeability of the membraRgand Py are permeabilities of
continuous and dispersed phase, respectively, @nid the volume fraction of the
dispersed phase (filler) in the membrane.

The relation between the mass fraction of dispersieasew, and the corresponding
volume fraction of dispersed phaggis given by Eq (6).

Wy (

oy = ©)
1-wy(1-22)
Pd

Ley
d

Herep. andpy are densities of the continuous and dispersedeghasspectively. When
the continuous phase is Pl (6FDA-ODA) and the dispeé phase calcined silicalite-1
then p. = 1.43 g.ci? [8] and py = 1.78 g.crit [10]. The values of volume fraction
together with the corresponding mass fraction arergin Table 3.

Table 3: Values of volume fractiog, together with the corresponding mass fractign

Wy 0 10 20 30 40 50
@ 0 8 17 26 35 45
When silicalite-1 crystals form the dispersed pbage permeability can be expressed as:
- B
I:’d - Dintra Igt.lta (7)

whereDin4 is the intracrystalline diffusivity of the penattan the silicalite-1 crystals,
LBinra the intracrystalline porosityg the gas constant afidthe temperature. We took as an
estimate of the intracrystalline diffusivity of heh the valueDiy, = 7.6510°% mP.s*
based on molecular simulation [1B.:a = 0.35 and the temperatufeof measurement
wasT = 298 K; therPy = 1.0810*" mol.ni*.s™.Pa".

As shown in Table 2 the permeabilities of contimighase$>; for helium were
found for prepared membranes to be betweer1® T and 16.310*° mol.m*.s*.Pa’.
This estimate shows that the permeability of trepelised phase is much larger than that
one of continuous phase, iR>>P .. The other limiting case is that one for impermeab
particles of dispersed phase i.e. f@g>>P4. Then the Bruggeman model can be
simplified for the composite materials in this workith PB;/P,>>1 and

P / P, << P,/ P, to Eq (8).
Peff 1

=3 €
R (1-a)
The limiting case for impermeable particles of diged phase is represented by the
conditions Py / P, <<1 and Py / P, >> P, / P,and the expression foP.; / P.reduces

to Eq (9).
Pe
o= (1) (©)

C
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It can be seen from Eqgs (8), (9) that for limitisguations the dimensionless
parameterP, / P, is a function of a single parametgrand it does not depend any more

on the permeability of dispersed phase.
The values of the paramet&; / P, together with volume fractions of crystals for

membranes prepared from polyimides modified bycitngpling agent are given in Table
4. Theoretical values of the dimensionless paramBtg /P. together with volume
fractions of crystals are given in Table 5. Theuesl of the parameteP.; / P, were

obtained from experiment and corresponding themaktata were calculated according
to Eq (8) derived from Bruggeman model. The depeoée of the parametd?,; / P, on

the content of the filler are shown in Fig. 13 &gl 12.

Table 4: Experimental values of the dimensionlesamete P /P.

% Peff/PC
PMDA-ODA ODPA-ODA ODPA-BISP 6FDA-ODA 6FDA-DA 100

0 1.00 1.00 1.00 1.00 1.00

0.08 1.75 1.56 1.46 1.70 1.23

0.17 278 2.21 3.87 2.66 1.84

0.26  2.84 4.29 5.62 4.24 2.68

035 - 4.49 - - 3.58

0.45 8.06 - - - 9.69

Table 5: Theoretical values of the dimensionlesapatePq; /P,
@ 0 0.08 0.17 0.26 0.35 0.45
Pert /P | 1.00 1.29 1.73 2.43 3.62 5.86

©
=)

=

@ 6FDA-ODA
& ODPA-BIS P
& PMDA-ODA
+ ODPA-ODA
1 [---Bruggeman

® 6FDA-ODA_100

---- Bruggeman

o~

Dimensionless permeability [-]
o
B
»,

Dimensionless permeability [-]

4 n e s
L e
]

S N WA OO N ® ©

© @
L ]

20 30 40 50 10 20 30 40 50 60
Content of filler [vol.%] Content of fller [vol.%]

o
o

Fig. 12: The comparison ofxperimenta  Fig. 12: The comparison ofxperiments
and theoretical dependencesf the and theoretical dependence®f the
dimensionless permeabilitgn the filler  dimensionless permeability on fitleonten
content for membrane series contait  for membrane series containing silicalite-
silicalite-1 crystals of size 20m. crystals of size 100 um.

It appears that practically in all the cases thpeemental curves get ahead of the

theoretical ones. It should be noted that the #téxal model considered is valid for a
quasihomogeneous distribution of the filler paeicin the membrane. At the same time

© 2009, M. Kotifik
diffusion-fundamentals.org 11 (2009) 90, pp 1-17

15



the Bruggeman model refers to stochastic distriimsti (random dispersion) of the

dispersed phase. A plausible explanation of thenpation data deviation from the above
theoretical model appears to be the stratificatibthe mixed matrix membranes. In the
simplest case when the stratified membrane is fdrtmea two layer laminate with one

layer containing a continuous system of macropams the other one represented by
dense polymer free of filler this conclusion is mus due to a negligible mass transport
resistance of the macropores.

4. Conclusion

A novel preparation approach was used in thisystadmprove interfacial adhesion
of membrane constituents. It consisted in the ude coupling agent 3-
aminopropyltriethoxysilane. Polyimide chains wehned first endcapped by the coupling
agent and subsequently this modification enabled tieaction with silicalite-1 terminal
OH groups at outer crystal surface of silicalite-1.

The principal membrane characteristic evaluated tha plot of relative membrane
permeability P /P, VS. @ Where Peg and P, [mol.m™.s*.Pa'] denote the effective
permeability of mixed matrix membrane and that eftthuous phase, respectively and
@ stands for volumetric fraction of dispersed phasikcélite-1). The other membrane
characterization was carried out by SEM. The adlo#isg of silicalite-1 channel system
for molecules of penetrants after crystal embedditg polymer was examined by iodine
indicator technique.

The experimentaPg /P. vs. ¢ plots were compared with theoretical dependences
simulated using the Bruggeman model. It should dted thatPe /P, vs. @ plots were
always monotonous but experimental data exhibitigghificant deviation from the
Bruggeman model. The analysis showed that the abevation can be explained by
stratification of the composite membrane which barconsidered as consisting of two or
even three layers as evidenced by SEM micrographs.
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