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ABSTRACT: This paper describes the preparation, characterization, and the permeation properties of poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) dense polymer films containing fullerepgs T8e Gy are either dispersed

or covalently bonded to PPO at various concentrations. The gas permeability results are very different between
covalently bonded and dispersed PPQ,. The gas permeability of PPEGCs, bonded increases up to 80% with
increasing fullerene concentration. The gas pair selectivity, however, stays constant. This behavior is probably
due to stiffening of the polymer structure and increase of free volume. The gas permeability through the PPO
Ceo dispersed decreases in comparison to pure PPO. This reduction is detectastering in the polymer. The
clusters seem to induce polymer crystallinity, and they are probably aligned along the film plane, creating an
extra barrier for gas permeation.

1. Introduction using differential scanning calorimetry (DSC), wide-angle X-ray
The control of gas permeability and selectivity for polymer Scattering (WAXS) measurements, and gas sorption experiments

membranes separating molecular mixtures of gases has becomi Order to investigate the reasons of the difference in the
a subject of intense research in both the industrial and academid®&meation performance between the bonded and dispegsed C
fields! Special attention has been concentrated on the relation-

ship between the polymer structure and gas separation properties?: Background

Most of the polymers that have been investigated, however, 21 Transport in Polymers. The permeation of a gas
show the general trend that highly permeable polymers possessnolecule through a dense membrane is usually governed by a
rather low selectivity. This often referred to as the permeability/  so|ution-diffusion mechanism. The permeabilit, of a
selectivity trade-off relationship. polymer is given as the product of diffusivity) (kinetic

The permeation properties of a polymer depend primarily on component), and solubilitys (thermodynamic component):
the packing density, the polymer chain mobility, and the free

volume of the polymer structure, which can be increased by P=DS (1)
the introduction of bulky substituents. For this, a considerable
interest has been shown in supermolecular carbon cages
(fullerene, bucky balls, ) containing polymers-” The hard-
sphere properties ofggmay inhibit molecular polymer chain
packing, possibly resulting in high free volume and improved
permeation properties.

Only very few polymers are actually used for the industrial Oa = E _ % % )
production of gas separation membranes; poly(2,6-dimethyl- AB Py $/\Dg
1,4-phenylene oxide) (PPO) is one of theé®PO is particularly
interesting for the production of nitrogen-enriched air due to The first term on the right-hand side is the solubility selectivity,
its high permeability and acceptable selectivity. It is highly and the second term is the diffusivity selectivity.
desirable to identify methods to modify PPO chemically in order Over the past three decades, sorption of gas molecules into

to increase permeability without compromising selectivity. In glassy polymers has been described and analyzed by the dual-

ocur e?rﬂer sttuiﬁp,vcv)ebhavkiszown rzhiﬁt ';he COL:E Imgaof th?n?u”g“t mode sorption modét The fundamental assumption of the dual
60 Jroups to ackbone canincrease the gas permeabiiity,, , 4o sorption theory is the existence of two distinct populations

(up to 80%) without compromise to selectivity. In this paper, . f
. : ) of gas molecules in a polymer matrix. Rubbery polymers are
we study the permeation properties of PRQ dispersed, too. in a hypothetical thermodynamic equilibrium liquid state, and

A small amount of G dispersed into PPO seems to cause their gas solubility obeys Henry’s law. On the other hand, glassy

significant reduction of membrane permeability. A systematic . ; -
: . . polymers are typically assumed to be in a nonequilibrium state
analysis of both PPOCeo bonded and dispersed is performed containing two components: a frozen-in solid state of unrelaxed

free volume and a hypothetical liquid state being in equilibrium.

The ideal selectivity of a membrane for component A relative
to component Boass, is defined as the ratio of their perme-
abilities 19 which in terms of eq 1 can be rewritten as
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where Cp is the gas concentration based on Henry's law

sorption, Cy is the gas concentration based on Langmuir

sorption,kp is the Henry’'s law coefficient, and andC'y are

the Langmuir hole affinity parameter and the capacity parameter,
_respectwely. Thép parameter represents the penetrant dissolved 3. Experimental Section
in the polymer matrix at equilibrium, anll characterizes the

sorption affinity for a particular gaspolymer system. These 3.1. Modification of PPO. The preparation of PP&Cs, bonded
parameters can be determined from the measured sorption data?0lymer was performed in three stefis) PPO bromination (PP©

. P Br), (b) PPG-Br conversion into PPON;, and (c) PPG-N3
gx%éing?eluf(;Sr;OeTne?ﬁgrgelatlrs]:yagt];tlént of the nonequilibrium conversion into PPOCg, bonded. The bromination of PPO is a

e PP o . selective reaction that can introduce bromine into the phenylene
The diffusivity and diffusivity selectivity are functions of fings or into the benzyl positiof-17 In our work, free radical

polymer properties on a molecular scale such as resistance tgyomination of PPO was carried out to provide PPO containing
torsional motions, intersegmental backbone spacing, and freepromomethyl groups, and it was subsequently used for the
volume. Reductions in the mean interchain distance require preparation of PPON;!”. The bromomethylation of PPO was
larger segmental motions of polymer molecules to allow local confirmed by*H NMR spectroscopy (using a Varian Unity INOVA
passage of a gas molecule. 300 MHz spectrometer).

2.2. Transport in Heterogeneous Materials.Numerous 3.2. Preparation of Membranes.Membranes of PPO pure,
models have been developed to describe transport properties if”PO-Ceo bonded, and dispersed at various concentrations<0.5
heterogeneous polymer systems. One of the most known one:0 Wt %) were prepared using the method described elsehere.
is that of Maxwelt91314ysed in two forms. The simple form here is a limit in the preparation of PP@g, bonded membrane.

| th teadv-state dielectri i f dilut Above 2.0 wt % Gy, the polymer becomes insoluble, intractable,
analyzes the steady-state dielectric properties of a Gilule 5,4 o processable. In contrary, for PPC, dispersed membrane

suspension Qf sphgres where the pgrmeability of a COMPOsite there is no such limit regarding thedZoncentration. Besides s
P, made by dispersing of nonporous, impermeable filler @p C  undergoes aggregation in polar aromatic solvents like benzonitrile

where pp and ps are the density of the pure polymer ang,C
respectively, andy is the Go weight fraction in the polymer.

in a continuous polymer matrix is expressed as (BZN) and benzyl alcohol (BZA) but not in relatively nonpolar
solvents like benzene (BZ), toluene (TL), and chlorobenzene

1— ¢y (CBZ).18 Therefore, to avoid the 45 aggregation, we have used

P= Pp 4) chlorobenzene as a solvent for the preparation of the -RRQ
1+ ﬁ membranes. Since the membrane structure depends on the casting

2 solvent!® PPO pure membranes were prepared in chlorobenzene
and chloroform for comparison. The thickness of all membranes

whereP, is the permeability of the pure polymer atpis the was in the range 50100 um. After the preparation, the samples

volume fraction of filler. Equation 4 suggests that the perme- Were mainly stored in vacuum oven at 30. Some samples have
ability of the filled polymer is lower than of the pure polymer @S0 been stored at 10€ to study the membrane aging.

and decreases with increasing of the filler concentration. The f3'3' (;r;%aggrézgn%n OL l\(/ljemt:jr%rjes.Thedthermal properot||es_
decreased permeability is the result of a reduction in penetranto pure ! s0 DONOEd, and dISpersed were measured using

L ; . a Perkin-Elmer DSC-7 (differential scanning calorimeter) in a
solubility due to (i) the replacement of polymer through which itrogen atmosphere. The samples were initially heated from 50 to

transport may occur with filler particles and (i) an increase in  350°C, cooled with liquid nitrogen, held for 5 min, and reheated
the tortuosity? of the diffusion path through which the penetrant two more times following the same steps, under a nitrogen
molecules cross the polymeric film. It is important to note that atmosphere. The heating rate was°@min, and the cooling rate

in the case of clustering of filler particles, and the formation of was 20°C/min. The glass transition temperatufg, of the polymer
interstitial voids with no polymer into them, the structure gets was obtained from the third scan.

more complex by inducing morphological changes in the  The permeation of pure nitrogen {NNoxygen (Q), and carbon
polymer matrix. dioxide (CQ) through the PPO and PP, (dispersed and

The second generalized foknis used to estimate the covalently bonded) was investigated, using the setup described
permeation through a structured biphasic material wherein theelsewheré? Pure gas permeability coefficients were calculated from

dditi . domlv di d with sh : ¢ the steady-state pressure increase in time in a calibrated volume at
additive component is randomly dispersed with sharp interfaces, o permeate side by using the equation
in a continuous matrix of the polymer expressed as

P V-273.15P, — P,

(1+ G)¢y x 10° 7
= A A — [ P +P
P Pp 1+ F’f/F’p + G ®) AT 5 © 6t
P/P,—1)

where the ideal gas law is assumed to be vétigandPy, [bar] are
whereP is the permeability of the & andG is a geometric ~ the pressure at the permeate and feed side attfifyg andPy are
factor accounting for dispersion shape. If the dispersed phaseth® permeate and feed pressuré &0, T [K] is the temperature,
is oriented in lamellae parallel to the direction of permeation, ¥ [cm’l is the calibrated permeate volume, aAdicm?] is the
G — oo, and there is minimum resistance to flow. If the disperse membrane area. The gas permeaiith {s expressed in GPU, i.e.,

T - . Lo 106 cm® cm2 s71 cmHg L. Multiplying the gas permeance with
phase is oriented in lamellae perpendicular to the direction of i . i kness of dense membraniem], gives the permeability

permeationG — 0, and maximum impedance of flow occurs  cqefficient in barrers. All the gas permeation experiments were
due to obstructive layers of the less permeable component. Inperformed at 35C. Values and error bars reported in the tables
this work, the G volume fraction in PPO has been estimated and figures are based on measurements of two different membrane
using the equation samples. CDV
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Figure 1. Sample geometry used in the WAXS experiments incident
X-ray beam: (@) perpendicular to the film plane; (b) on the side of the

film. 4.2. DSCTy. Figure 2 shows that th&; of PPO-Cgg bonded

increases with the increase of theg€oncentration, from 214

The gas sorption isotherms of,NO,, and CQ in dense PPO  °C for the pure PPO to 238C for the PPG-Cgo 2 Wt %. This
pure and PPOCq bonded and dispersed (1.5 wt %) films were indicates that the PPE&Cgs bonded polymer becomes more
measured at 35C, using a magnetic suspension bal&h¢®ISB, stiffened, and probably there is suppressed interchain packing
Rubotherm). The experimental procedure was divided into five due to hindering the torsional motion of the phenyl ring around
steps: (a) evacuation of pressure vessel and sample for at least 24ne ether linkage as well as some possible conformational
h; (b) increase of gas pressure to desired value; (c) wait until changes in the backbone. Perhaps, as a consequence an extra
equilibrium in mass change is reached; (d) record equilibrium mass, . o . e !
temperature, and pressure: (e) repeat steps b and c or if the|nterst|t|al c_haln space is created, and the free vqlume of the
maximum pressure is reached: evacuate sample (step a) and staff'€mbrane increases, too. In contrast, for the PE& dispersed
measurement with new gas or new sample. The equilibrium massmembranes thely decreases in comparison to pure PPO,
increase was corrected for buoyancy by subtracting the weight atindicating a more compact polymer structure in agreement with
zero sorption at a certain pressure from the vacuum weight of the literature?? More detailed investigation of the PP@s struc-
sample. Using the equilibrium weight increase and the density of ture (bonded and dispersed) using positron annihilation lifetime
the polymer, the concentration (in €&8TP) inside the polymer  gpectroscopy (PALS) and dielectric relaxation spectroscopy is

(cm® polymer) was calculated, currently under investigation and will be the subject of a future
3.4. WAXS MeasurementsKnowledge of crystalline morphol- submisgion 9 )

ogy is of great importance in understanding the permeation

properties of the polymeric membranes. In general, the crystalline  4.3. WAXS Analysis. It is well-known that the G show
phase may be regarded as impermeable. For this reason the gaanomalous behavior due to the formation of aggreg#tés.
permeability in a semicrystalline polymer membrane is substantially Figure 3 shows the results recorded in a 2-D detector forPPO
lower than in the more amorphous membrane because of thecy, bonded and dispersed with 2.0 wt %.CThe scattering
reduced space available for diffusion and the tortuous path aroundgom the pure G powder and pure PPO is also shown for
the cr_ystalll_tes. Permeation sites may be of either amorphous comparison. For PPECs the incident beam geometry corre-
material or interstices between crystallités. ; L . .

sponds to Figure 1a, the incident beam perpendicular to the film

The most generally applicable technique that provides informa- . .
tion about the crystailine structure is the X-ray diffraction (XRD). Plane. The scattering pattern okdQpowder (see Figure 3a)

In this study, wide-angle X-ray scattering (WAXS) experiments e_xhibits ty_pica_ll crystalline struct_ure. The peak positions are
were performed using a Bruker-Nonius D8-I_3|scover equipped with dlsp_layed in Flgure_ 5aasa functlon of the sc;attenng angle and
a 2-D detector. Standard background (air and sample holder)are indexed following the convention used in the literafdre.
subtraction measured at the same time_ and conditions were appliedrhe scattering of the pure PPO film is also displayed (Figure
to all data. The samptedetector (S-D) d'Sta”C‘?&WﬁS setat10cm, 5p) and it is in agreement with previously published déta.
and :he mmdentfbeamdvga\t/ﬁlength "‘g.is |1'54 d(.Q’Jt'r'fV'e'T‘S“re'f the SOMe of the scattering peaks igCnamely (111) and (220),
ments were periormed both perpendicular and in the piane ot e 5 . |56 55 references in the interpretation of the scattering from
membbranﬁ (s.ee.(ljilgurl()e 1. In the n'rSt Cas|e’ thehsanapée thickness #honded and dispersed films. They correspond-gpacings of
seen by the incident beam was always less than 0.5 mm. )
y ) . y 14.17 A, the crystalline face-centered-cubic (fcc) lattice constant,
4'5535“3“32(1%53&3;'&% hemical shift values (300 MHz) and 7.53 A, the & diameter (Figure 5a).
A .The chemical shift values z
; ; ; : The scattering peaks fromgg(Figure 3a), as well as those
are reported a8 in [ppm] us;sng the reS|fluaI solvent signal as -2 ure FI’P%pfiIms (Figsg :'))%L)’ o )alsov;resent A
an internal standard (CDEb = 7.29).'H NMR spectra in . 1 .
(CDE ) D scattering patterns of the bonded and dispersed films (see parts

CDCl; were performed for PPO pure and PPBr 2 wt %. ) . )
The spectrum of the pure compound shows two singlets: one® and d of Figure 3, respectively). Despite the fact that both

at 2.11 ppm for the methyl protons and one at 6.49 ppm for the SaMPples contain the same amount of fullerene (2 wt %), the
aromatic protons. The spectrum of the 2% brominated com- scattering fullerene peaks, (111) and (220), are far more intense

pound shows, besides the two singlets, an extra peak at 4_3dn the PPG-Cgo o_lispersed. This intensity sca_ttering difference_
ppm specific for the CkBr protonst® This confirms that the in bonded and dispersed samples as a function of the scattering

bromination has taken place on the methyl group, and the further@ndle, 2, can be easily observed in Figure 5b,c.
modification by coupling of G took place on the methyl group We assume that the peak (*) comes from the PPO since it is
of PPO, too. present in all PP©Cg, bonded and dispersed samples an%'BV
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WAXS - perpendicular to film plane

PPO-C¢, bonded

Figure 3. Scattering data recorded on a 2-D detector for the two basic components of the samples: (ag pawder, (b) pure PPO, (c)
PPGO-Cg 2.0 wt % bonded, and (d) PP€Cs 2.0 wt % dispersed.

the pure polymer (see Figure 5c,d) and absent in the psge C film. It also suggests partial suppression of crystallinity in the
(Figure 5a). The intensity changes in the (*) peak area of PPO film containing bonded fullerene.
Ceo dispersed (Figure 5d) results from the influence of the  More evidence for fullerene clustering in the dispersed sample
presence of g that may aggregate and simultaneously inducing can be found in Figure 5d, where the scattering from samples
more short-range order in the polymer. In the PREg bonded,  containing different amounts of fullerene are displayed. The
the (*) peak has low intensity, probably because the crystal- peaks indicating clustering of fullerene increase strongly with
lization is less due to the hindrance of the rotational movements fyllerene concentration in the dispersed films (Figure 5d) while
of the polymer segments by the presence of the C it practically does not change in the case of bonded films (Figure
The peak around the (111) fullerene position seems much 5¢). Comparing both sets of diffraction patterns, it seems that
more distinct in the dispersed than in the bonded sample, clustering is the major factor of difference. The variation of
strongly indicating clustering of fullerene in the dispersed Ppolymer scattering peaks is more prominent in the dispersed
system. Note, however, that the pure polymer also exhibits a case.
peak about the same position (Figure 5b). This could contribute  Enhancement of gas permeability is known to be partially
to the scattering in the dispersed case, especially if the degreedriven by the amount of interface between the polymer and the
of fullerene clustering is large enough to provide the polymer filler particles, fullerenes in the present case. In the case of the
more freedom to crystallize than that in the bonded system. Thisdispersed samples, clustering of fullerenes diminishes the
picture is also supported by the scattering of the PRg) amount of interface between the two species, and therefore, it
bonded film where no peak at that position is observed, should in principle decrease the membrane permeability.
indicating absence of strong fullerene clustering in the bonded Clustering of fullerene may, however, also decrease éFﬁ/
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WAXS - film side

Figure 4. Scattering data recorded on a 2-D detector for the two basic components of the samples: (ag pawwder, (b) pure PPO, (c)
PPGO-Cg 2.0 wt % bonded, and (d) PP€Cs 2.0 wt % dispersed.

membrane permeability by creating an extra barrier for gas than that of the polymer, it is very probable that during the
transport. Not only the size and shape of the clusters are ofdrying process segregation of the fullerenes occurs preferentially
importance but also their orientation in the sample may to the face of the film in contact with the glass plate. Figure 4c
constitute the most important feature. Figure 4 shows the shows that this phenomenon is practically absent in the case of
scattering of the two samples of bonded and dispersed films bonded samples, and if present, it concerns only a very small
containing 2 wt % of fullerenes. In this case, the scattering amount of the fullerene molecules that would search contact
geometry used is incident X-ray beam on the film side. Figure with the substrate.

4d clearly shows that the scattering peaks of the fullerenes in  In conclusion, the WAXS results indicate some significant
the dispersed case are very anisotropic. For instance, the (111xhanges in the polymer structure due to introduction of the
reflections corresponding to the fcc lattice distance of the fullerenes: For the PPECg bonded membranes; the crystal-
fullerene clusters are croissant-shaped. They are also alignedization is probably partially suppressed in comparison to PPO
along the film direction. Such a scattering clearly indicates that Cgso dispersed. For the PP&Cs, dispersed membranes, signifi-
fcc unit cells are aligned along the film plane. A perfect cant clustering of g occurs. The clusters seem to align parallel
alignment of an fcc monolayer would lead to a very bright delta- to the film plane.

function scattering also aligned in the same direction. Itis more  4.4. Gas Permeability and Gas SorptionThe gas perme-
reasonable to consider the observed scattering as the result oébility and selectivity of PPO prepared in the chloroform and
sheetlike fullerene aggregates that are aligned along the film chlorobenzene are the same within the experimental error of
plane. Variation of thickness and fluctuations on the alignment the gas permeability setup (see Appendix). Therefore, it is
of such clusters certainly lead to such a croissant-like scatteringreasonable to conclude that these casting solvents have no
patterns. Since the density of the fullerene molecules is far largersignificant influence on PPO structure. In this work, @BV
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Figure 5. Scattering intensity as a function of the scattering angle: (a) Peyg@vder and pure PPO film cast with the same procedure as

samples. (b) Pure PPO, PPQs 2 wt % bonded, and PP&Cs 2 wt % Cso dispersed. The scattering peaks of pugg &e also represented
(dashed lines). (c) Samples containing different amounts of bongedd} Samples containing different amounts of dispersgd C

permeability of pure PPO prepared in chloroform will be 22 : : : :
compared with the permeability of PP@sy bonded and 20| bonded =Nz g
dispersed. ® 18 :2(2)

The PPG-Cgp bonded and dispersed membranes were §_ T N 2]
prepared using chlorobenzene solvent at variaggc@ncentra- o 'er 5 02 ]
tions, 0.5, 1.0, 1.5, and 2.0 wt %. The color of the films becomes & 14f : ; . cgz-
darker with the increase of ¢g content in both bonded and &o 12} -
dispersed membranes. The type of interaction between the S 10k 0 .
fullerene and PPO and also the influence of both components o X %

. . a 08f 1 4

on structural and kinetic parameters of the PRy, system o
determine the physical properties of the polymer material. The o oep 2 ] ]
PPO-Csp bonded membranes are transparent, flexible, and 0'4-dispersed : * ]
mechanically stable. However, the PPOgq dispersed mem- 0.%0 o5 0 5 20 25
branes are not transparent and rather brittle. Their fragility ' ' o ' ' ’
increases with increasing ofggcontent. [wt%] Ceo

Figure 6 and Table 1 show the comparison of the gas F]icgure 6. Permeﬁbility ofPPecﬁont?rmdaIié?d with the g?rme?b;'ity
permeability of PPG Cgo bonded and dispersed with the pure ©f pure PPO vs the wt %dgcontent bonded for gases (), O, (@),
PPO membranes. The permeability coefficient significantly ]z(aeneddCQ () and for dispersed NO), 02 (0), and CQ (»), at 1.5 bar
. . pressure and 3%.
increases with the g content for PP© Cg bonded. In contrast,
it decreases for the PP&Cs dispersed. Besides, the gas the stiffness of the chain probably increases (&gen Figure
permeability through pure PPO membranes and Pe§ 2) and the forced increase of interface between polymer and
bonded and dispersed is constant at different feed pressure focarbon cage enhances the free volume and the mobility of gas
all three gases measured,ND,, and CQ.2 Table 2 presents  molecules at molecular scales and, therefore, permeability
the ideal gas selectivity at a feed pressure of 1.5 bar corre-increases.
sponding to the average of two different membrane samples. Inthe PPG-Cgodispersed systems, the clustering of fullerenes
The average value might differ but if one takes in to account (see WAXS results) probably decreases the interface between
the standard deviation statistically they do not differ. polymer and fillers, resulting in a decrease in free volume and
The DSC and WAXS results give an insight into the thermal mobility of gas molecules. This same segregation mechanism
and morphological parameters. In the PRGQbonded systems,  probably forms lamellae-like clusters parallel to the film pla&%\/
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Table 1. Gas Permeability, Solubility, and Apparent Diffusivity of
PPO Films?

N> (03 CcO,
membrane P S D P S D P S D
PPO pure 27 84 32 11.7110 10.7 507783 6.5
PPO-Cso bonded 51 89 58 191153 125 80.890.2 9.0
1.5wt%
PPO-Cgodispersed 15103 15 65128 51 255799 3.2
1.5wt%
change % bonded 89 5 80 63 39 17 59 15 38
change % dispersed44 22 —-54 —-45 16 —-53 -50 2 -51

aFeed pressure: 1.5 bdf,= 35 °C. P (barrers),S (1073, cnm? (STP)/
cmicmHg, D (1078, cné/s).

Table 2. Ideal Gas Selectivity of PPO Film3

selectivity
wt % Cgoin PPO Po,/Pn, PcodPn, Pco/Po,
0 4.3+0.1 18.7+1.1 4.3+ 0.3
wt % Cgo bonded
0.5 4.0+£0.1 17.6+ 0.3 4.4+ 0.1
1.0 4.0+£0.2 17.3£ 0.5 4.3+ 0.2
1.5 3.7+ 0.5 15.8+ 2.9 4.2+ 0.6
2.0 4.0+ 0.5 18.1+ 2.7 4.5+ 0.7
wt % Ceo dispersed
0.5 4.0+ 0.6 15.3+1.4 3.8+ 0.7
1.0 3.5+ 1.0 14.6+ 4.6 42+ 19
15 4.2+ 0.8 16.7+ 3.2 3.9+ 1.0
2.0 4.3+0.1 16.2+1.8 3.8+ 0.4

aFeed pressure: 1.5 baF,= 35°C.

Macromolecules, Vol. 39, No. 26, 2006

there is a much higher crystalline gas impermeable fraction (due
to the clustering) than in pure PPO or PPQy, bonded. This
can also contribute to decrease of gas permeability.

For the PPG-Cg dispersed membranes, the Maxwell model
(see eqs 4 and 5) has been used for the simulation of the
experimental results. For all gases(,, and CQ), the simple
Maxwell model (eq 4) cannot represent the decrease of the
permeability. The experimental results are always much lower
than the predictions (see Figure 7, dotted lines). The generalized
Maxwell model (eq 5), however, gives much better predictions
(see Figure 7, full lines). For all cases, the estim&sgzhrameter
is low (Gn, = 0.02,Gg, = 0.02,G¢co, = 0.01). These results
suggest that the structure of the PPCyo dispersed membranes
contains lamellae & clusters oriented perpendicular to the
direction of permeation, consistent with the WAXS results. The
Ceo clusters impede the gas diffusion through the material,
resulting in reduced gas permeability.

Figure 8 presents the sorption isotherms of, i, and Q
through PPO pure and PP@s, bonded and dispersed at 35
°C. The sorption isotherms are fitted by the dual mode sorption
model (see eq 3), and the obtained parameters are shown in
Table 3. For N the difference in sorption between the polymers
is not significant. However, for COand G the sorption is
higher for PPG-Cgo bonded probably due to a lower crystallinity
(as indicated by WAXS) and to the increase of free volume (as
indicated by WAXS and DSC).

The combination of these two mechanisms and the more The sorption isotherms are necessary to deconvolute the

compact structure (indicated by the loweringTgj contribute

permeability into its solubility and diffusivity contributions.

to the decrease in gas permeability as a function of fullerene Table 1 reports the permeability, solubility, and apparent

concentration. In addition, for the PP@s, dispersed probably

diffusivity coefficients of N, O,, and CQ gases in PPO, PPO

PPO-Cg¢ dispersed
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20 T T T T

15+ E
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Figure 7. Gas permeability through PP@Cq, dispersed vs the wt % dgcontent. The dotted line represents the prediction of simple Maxwell
model. The solid line represents the prediction of generalized Maxwell model. The symbols represent the experimental resu(i), (&) 9,

(a), and (c) CQ (®@).
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Figure 8. Sorption isotherms of (a) N(b) O, and (c) CQ for of PPO-Cgo with 1.5 wt % G content bondedl) and dispersed) in comparison
with pure PPO (*). The dotted lines are model lines, which are fitted according to the dual mode sorptionThveck8.°C.

Table 3. Dual Mode Sorption Parameters for N, O, and CO; in PPO Pure, PPO-Cgo Bonded, and Dispersed Films with 1.5 wt % G

N> (0} CO
membrane ko C'y b ko Cy b ko Cy b
PPO pure 0.13 5.13 0.116 0.28 18.5 0.03 0.59 41.19 0.159
PPO-Cgpbonded 1.5 wt % 0.19 14.6 0.033 0.78 11.78 0.032 0.78 45.29 0.165
PPO-Cgo dispersed 1.5 wt % 0.27 412 0.158 0.45 11.4 0.047 0.67 26.4 0.29

akp is expressed in ctn(STP)/(cnt bar), C'y is expressed in c(STP)/cn3, andb is expressed in bat. Pressure= 1.5/2.5/3.5 barT = 35 °C.

Cs0 1.5 wt % bonded, and dispersed, at°®and 1.5 bar feed Finally, in order to get some insight into the aging of these

pressure. The solubility coefficiel® was estimated from the ~ membraneg??” we stored samples in the vacuum oven at 30

gas sorption measurements, and the apparent diffusion coefand 100°C for a year. Then, the gas permeability was measured

ficient D was calculated from th&/S ratio. again. The PPO©Cg, bonded membranes stored at°8 have

The N, solubility coefficients are about equal for PPGeo the same high permeation properties as the freshly prepared
. - ones. However, the membranes stored at 100show 36~

and PPO pure membranes. Then, the increase pehneability 40% lower gas permeability than the fresh samples due to

for the bonded membranes should be mostly attributed to olvmer aain

increase ofD. For GO and CQ, however, the increase of oy ging.

permeability through the PP&Cq0 bqnded in comp.arison 10 5 conclusions

PPO pure membranes could be attributed to both increaSe of

andD. Interestingly, the increase of,@ermeability seems to

be mostly due to increase 6{39%) and of C@mostly due to ing of Cgo concentration. This is probably due to the stiffening

increase ofD (38%) (Table 1). For the PP&Cq dispersed, of the polymer chain by the introduction ofs&leading to

the decrease of gas permeability in comparison to PPO pureincrease of the polymer free volume.

should be mostly attributed to decreasel{Table 1). This The permeability of PPOCso dispersed decreases with

fits well with the results obtained with WAXS suggesting increasing of G concentration. This is probably due to the

significant clustering and increase of crystallinity. Interestingly, clustering of the dispersed fullerene and the higher crystalline

the solubility of N and Q to the PPG-Cg, dispersed gas impermeable fraction (due to the clustering) than in pure

membranes increases somewhat in comparison to pure PPO buPPO or PPG Cg bonded. The clusters seem to form lamellas

of the CQ remains unchanged. oriented parallel to the membrane plane. CDV

The permeability of PP©Cs bonded increases with increas-
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Pure PPO membranes were prepared using two different(13) Mmerkel, T. C.; Freeman, B. D.; Spontak, R. J.; He, Z.; Pinnau, I.;

casting solvents:
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