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Introduction

During the past two decades, polymer-based organic-inor-
ganic composites have received world-wide attention in the
field of materials science. This is because the resultant materi-
als can offer superior performance in terms of mechanical
toughness for engineering resins, permeability and selectivity
for gas/liquid separation, and photoconductivity for electron-
ics.1–3 After the discovery by researchers at UOP LLC on
mixed matrix membranes (MMMs),4 this new concept has also
been applied to the membrane-based gas/liquid separations by
combining the easy processability of polymeric materials, with
the excellent separation properties of inorganic materials.5,6

The poor compatibility between the polymer matrix and inor-

ganic particles, which has been a major obstacle to the devel-

opment of MMMs,7,8 has been improved significantly through

some methods, such as the silane modification on the particle

surface,9,10 the introduction of a compatibility agent between

the polymer matrix and inorganic particles,11 and the applica-

tion of high-processing temperatures during the membrane for-

mation.12,13 However, the aforementioned MMM studies

focused on the formation of flat dense membranes. Flat-dense

MMMs can provide the intrinsic properties of this type of

organic-inorganic composite material for academic research;

however, they are not appropriate for industrial applications

due to their much thicker dense-selective layer and substan-

tially lower gas-permeation flux.
In the last 20 years, the asymmetric hollow-fiber membrane

has become a favored configuration for membrane-based gas
separation systems due to its many advantages.14,15 Therefore,
it would be a significant advance if polymer-based organic-

inorganic composite materials could be incorporated a hol-
low-fiber membrane configuration for gas separation. Pio-
neering progress toward this end has been made through the
utilization of dual-layer hollow fibers.16–19 Dual-layer hol-
low-fiber membranes formed by coextrusion represent a
breakthrough in hollow-fiber fabrication technology.20 They
basically consist of an asymmetric separating outer layer and
a microporous supporting inner layer. One could efficiently
lower the fabrication cost and easily control the distribution
of inorganic particles by using organic-inorganic composite
materials only in the thin outer layer. Through continuous
progress in developing the coextrusion technology, Chung
and coworkers have successfully fabricated dual-layer hol-
low-fiber membranes with a mixed matrix dense-selective
layer thickness of 5.5 3 1027 m (0.55 lm), while retaining
the superior separation performance of mixed matrix materi-
als.18 This is the thinnest selective layer reported to date for
dual-layer hollow-fiber membranes made from mixed matrix
materials. However, in order to potentially replace the hol-
low-fiber membranes made from just polymeric materials,
dual-layer hollow fiber membranes with a mixed matrix
dense-selective layer thickness of 1 3 1027 m (0.1 lm) are
highly desirable. Regrettably, the further reduction in the
mixed matrix dense-selective layer thickness is restricted by
both the size and the agglomeration of the inorganic nanopar-
ticles currently available.

To date, most of MMM studies have used rather large inor-
ganic particles 0.3–53 1026 m (0.3–5 lm). This is mainly due
to the fact that more severe agglomeration occurs in the poly-
mer matrix when smaller particles are used, especially at high-
particle loadings. The agglomeration of nanoparticles with a
size of less than 1 3 1027 m (100 nm) has significantly
impeded their application in developing the practical mixed
matrix hollow-fiber membranes. This is because the agglomer-
ation is thought to be responsible for defects among the par-
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ticles and/or between the polymer matrix and particle phases.
Therefore, the purpose of this communication is to propose a
novel primer-sulfonated poly(ether sulfone) (SPES) to prevent
nanoparticle agglomeration, and improve the interface quality
between polymer and particle phases in MMMs. To the best of
our knowledge, there have been no prior publications on using
SPES polymer to prime the surface of nanoparticles to inhibit
their agglomeration.

Self-synthesized zeolite 4A with an average size of 1 3
1027 m (100 nm) was selected as the dispersed phase, due to
its suitable pore size for gas separation,10,12,13 while poly(ether
sulfone) (PES) was chosen as the continuous polymer matrix
because of its appropriate glass-transition temperature (Tg) of
215 8C and various applications in gas separations.21 The
SPES polymer was characterized by acid-base titration, ele-
mental analysis and X-ray photoelectron spectroscopy (XPS).
Flat-dense PES-zeolite 4A MMMs were fabricated, based on a
relatively straightforward approach by applying a high-proc-
essing temperature during the membrane formation.10,12,13 The
gas-permeation rates of PES-zeolite 4A MMMs were measured
as a function of SPES priming. The morphology of these newly
developed MMMs was characterized via scanning electron mi-
croscopy (SEM).

Experimental

Materials

A commercial Radel1 A PES was obtained from Solvay
Advanced Polymers L.L.C., Georgia, USA, and was dried at
120 8C overnight in vacuo before use. N-methyl-2-pyrrolidone
(NMP), dichloromethane and chlorosulfonic acid were pur-

chased from Merck. NMP was dried using the activated molec-
ular sieve 4A beads, with a diameter of 0.003–0.005 m (3-5
mm) supplied by Research Chemicals, Ltd., and then filtered
through a 2 3 1027 m (0.2 lm) Teflon filter before use,
whereas dichloromethane and chlorosulfonic acid were used
without further purification. Zeolite 4A synthesized in our lab-
oratory was used as the inorganic phase in the MMMs; its
average particle size was around 1 3 1027 m (100 nm) as
determined by SEM. To remove the adsorbed water vapor or
other organic vapors, zeolite 4A was dehydrated at 250 8C for
7,200 s (2 h) in vacuo before use.

PES sulfonation procedure

Figure 1 shows the flow chart of the PES sulfonation reac-
tion used in this study. This procedure was developed with
some modification from other work.22,23 The nitrogen protec-
tion inhibits any side reactions resulting from the fast decom-
position of chlorosulfonic acid in the atmosphere.

Preparation procedure of polymer-zeolite MMMs

Since the fabrication method of flat-dense MMMs developed
in our prior studies has displayed good properties,13 the same
method involving ‘‘high-processing temperatures during the
membrane formation’’ was employed in this work, with only
one difference. In our prior studies, a small amount of PES was
used as a primer to enhance the compatibility between the
polymer and zeolite phases before adding the PES bulk,
whereas in this work, SPES was used to substitute PES as the
primer to improve the zeolite dispersion. The flow chart of the
preparation procedure for the PES-zeolite 4A MMMs is illus-
trated in Figure 2. The resultant dried flat-dense MMMs have

Figure 1. Flow chart for the PES sulfonation reaction.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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thicknesses varying from 50 lm to 60 lm for the permeability
measurement.

Gas permeability measurement

The gas permeation properties of MMMs were measured
using the variable-pressure constant-volume method with a
precalibrated permeation cell described elsewhere.24 Each pure
gas was tested in the sequence of He, H2, O2, N2, CH4 and
CO2, and replicated three times for each membrane. The mea-
surement of H2 gas for MMMs was performed at 35 8C and
3.5464 3 105 Pa (3.5 atm); the measurement of the other gases
was conducted at 35 8C and 1.013253 106 Pa (10 atm).

Other characterization

After the PES sulfonation reaction, the degree of sulfonation
(DS) and ion-exchange capacity (IEC) of the SPES polymer
were determined via acid-base titration, which has been
defined in detail in prior work.23 In brief, a known amount of
dry SPES polymer was dissolved in the solvent, and the dis-
charged H1 amount was measured using a standard sodium
hydroxyl solution and a phenolphthalein indicator.

Two analytical methods were also used to qualitatively
determine whether the PES sulfonation reaction had taken
place. The first was elemental analysis using a PerkinElmer PE
2400 Series II CHNS/O analyzer. The second was X-ray photo-
electron spectroscopy (XPS) conducted on a Shimadzu
ESCAKL spectrometer using a nonmonochromatic Mg Ka
photon source.

The electron micrographs of the MMM morphology were
examined by SEM on a JEOL JSM-5600LV and JSM-6700F,
to compare the differences in the dispersion of the zeolite par-
ticles and interface quality between two phases before and after
using SPES polymer as a primer.

Results and Discussion

SPES polymer with a DS value of 62.1 wt % and an IEC

value of 1.40 eq/kg (1.40 mequiv/g) was obtained by the PES

sulfonation reaction in this work. DS and IEC values of the

SPES polymer were determined via acid-base titration, which

has been defined in detail in prior work.23 The results for its
characterization via elemental analysis and XPS are summar-
ized in Table 1. By comparing these results with those for the
PES polymer, it can be seen that more oxygen and sulfur con-
tent are detected in the SPES polymer, thus, confirming that
the sulfonic group (SO3H) has been attached to the polymer
backbone chains.

Figure 3 shows the comparison of cross-sectional SEM
images of flat-dense PES-zeolite 4A MMMs with 20 wt % zeo-
lite loading between using PES as a primer (left column), and
using SPES as a primer (right column). It can be easily seen
that if using PES as a primer, there are many large agglomera-
tions distributing in the whole cross-section due to the incom-
patibility between the PES matrix and zeolite phases. However,
using SPES as a primer not only effectively prevents the
agglomeration of nanoscale zeolite particles (1 3 1027 m (100
nm)), thereby, obtaining good zeolite dispersion, but also sig-
nificantly improves the contact between the polymer matrix
and zeolite phases, thus, leading to an excellent interface qual-
ity in the MMMs. When the SPES polymer is used as a primer,
the excellent interface quality between PES and zeolite phases
might result from the fact that the SPES polymer becomes
hydrophilic due to the attachment of the sulfonic group,
thereby, resulting in a strong interaction (i.e., hydrogen bond-
ing) with hydrophilic zeolite 4A; however, the SPES polymer
still possesses a good affinity with the PES matrix due to their
having similar backbone chains. On the other hand, the good
zeolite dispersion might be due to the fact that the sulfonic

Figure 2. Flow chart for the preparation procedure of PES-zeolite 4A MMMs.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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group of the SPES polymer carries negative charges after the
H1 dissociation in the solvent, and accordingly, the zeolite par-
ticles repel each other after priming a thin SPES layer on them
due to the electrostatic interaction.

The morphology change of flat-dense PES-zeolite 4A
MMMs with 20 wt % zeolite loading after using SPES polymer
as a primer is demonstrated by their gas separation perform-
ance shown in Table 2. The pure polymer PES dense film was
also prepared using the same procedure as used for the MMM
fabrication for comparison. When using the PES polymer as a
primer, the PES-zeolite 4A MMMs display high O2 and N2

permeabilities, while their O2/N2 selectivity is poor and

follows Knudsen diffusion. This might be because as illustrated
in Figure 3, the serious agglomeration of zeolite nanoparticles
and incompatibility between the PES matrix and zeolite phases
might cause many defects among the nanoparticles and
between the PES matrix and particles, thus, forming a continu-
ous pathway for Knudsen diffusion. When using SPES as a
primer, the gas-separation performance of PES-zeolite 4A
MMMs is dominated by the sorption-diffusion mechanism,
thus, verifying that the defects induced by the nanoparticle
agglomeration and poor interface quality have been completely
eliminated through the application of SPES primer. When
compared with the pure polymer PES dense film, the PES-zeo-
lite 4A MMMs with a primer of SPES present a lower perme-
ability for all tested gases, as well as an enhanced selectivity.
The reduction in the gas permeability is easily understandable,
because it has been previously demonstrated that both polymer
chain rigidification and partial pore blockage of zeolites can
lead to a decrease in the permeability of MMMs.10,12,13,25 The
enhancement in the gas pair selectivity is easily explainable
due to the influence of the molecular sieving mechanism pro-
vided by the zeolite, however, the extent of enhancement may
be impaired by the partial pore blockage of zeolites resulting
from the attachment of polymer chains, because the pore size
of zeolite 4A is very close to the O2 and N2 molecular kinetic
diameters, which has been discussed extensively in the other
related work.10,12,13,25

To evaluate the effectiveness of SPES as a primer in prevent-
ing the nanoparticle agglomeration and improving the interface

Table 1. Comparison of Weight Percentages of Various
Elements in PES and SPES Polymers Measured by Elemental

Analysis and XPS

Elemental Analysis* XPS**

PES
Polymer

SPES
Polymer

PES
Polymer

SPES
Polymer

C (wt%) 63.8 57.3 66.5 58.2
O (wt%) 20.4 24.8 20.5 25.3
S (wt%) 12.0 14.8 13.0 16.5
H (wt%) 3.80 3.10

*The weight percentages of oxygen shown in the column for elemental analysis
were calculated by 100%-C%-S%-H% because the elemental analysis results
did not give the oxygen content.
**The weight percentages of elements shown in the column for XPS did not
include hydrogen in the calculation because XPS could not detect hydrogen.

Figure 3. Comparison of cross-sectional SEM images of PES-zeolite 4A MMMs with different primers at 20 wt % zeo-
lite loading (left: PES as a primer; right: SPES as a primer; inset: high magnification images).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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quality at a higher particle loading, PES-zeolite 4A MMMs with
40 wt % zeolite loading were fabricated by the same method as
the MMMs with 20 wt % zeolite loading and characterized by
SEM. As shown in the left column of Figure 4, the noticeable
agglomeration and the poor interface quality indicate the ineffec-
tiveness of SPES as a primer for MMMs with a higher particle
loading. However, after some consideration, it is conjectured that
this phenomenon might result from an insufficient SPES amount
used in the fabrication of the MMMs, with a higher particle load-
ing, rather than from the SPES itself. The amount of SPES poly-
mer used in this study in the fabrication of the MMMs with both
20 and 40 wt % zeolite loadings was initially set to 10 wt % of
the total polymer solid amount. It can be seen that the weight
ratios of SPES to nanoscale zeolite 4A decreased from 0.40 to

0.15, when the zeolite loading increased from 20 to 40 wt %,
because the amount of the total polymer solid used was kept con-
stant irrespective of the zeolite loading. The deficiency of SPES
polymer at a higher zeolite loading might not provide a sufficient
priming layer on the zeolite surface, thus, resulting in the appa-
rent nanoparticle agglomeration and the undesirable interface
quality. Therefore, another sample of PES-zeolite 4A MMM
with 40 wt % zeolite loading was prepared by the same method
with one substantial difference: the weight ratio value of SPES to
zeolite 4A was kept at 0.40. It can be seen that excellent zeolite
dispersion and interface quality are displayed in the right column
of Figure 4, which demonstrates the effectiveness of SPES as a
primer even at a higher particle loading if the weight ratio of the
SPES to zeolite 4A is kept constant (e.g., 0.40 in this study).

Table 2. Comparison of Gas Separation Performance of Flat-Dense PES-Zeolite 4A MMMs using PES or
SPES as a Primer at 20 wt % Zeolite Loading

Permeability (Barrer*) Ideal Selectivity

He H2 O2 N2 CH4 CO2 P(He)/P(N2) P(H2)/P(N2) P(O2)/P(N2) P(CO2)/P(CH4)

Pure polymer PES dense film 7.22 6.45 0.479 0.0825 0.0841 2.64 87.5 78.2 5.81 31.4

PES-zeolite 4A MMMs using
PES as a primer 471 503 0.936

PES-zeolite 4A MMMs using
SPES as a primer 6.67 5.82 0.406 0.0640 0.0541 1.75 104.2 90.9 6.34 32.3

*1 Barrer5 7.50053 10218 m2 s21 Pa21.

Figure 4. Comparison of cross-sectional SEM images of PES-zeolite 4A MMMs with different weight ratios of SPES to
zeolite 4A at 40 wt % zeolite loading (left: 0.15; right: 0.40).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Conclusions

A novel primer of SPES polymer has been found for fabri-
cating PES-zeolite 4A MMMs. Compared with PES as a
primer, SEM images show that the SPES primer can not only
effectively prevent the nanoparticles from agglomerating by
providing electrostatic repulsion via the sulfonic groups on the
SPES polymer, but also provide an exceptional improvement
in the interface quality between polymer matrix and zeolite
phases by forming the strong interaction with both the PES ma-
trix and zeolite 4A. The change in the gas separation mecha-
nism of MMMs from Knudsen diffusion to sorption-diffusion
demonstrates that the defects induced by the nanoparticle
agglomeration and poor interface quality have been completely
eliminated through the application of the SPES primer. Even at
a high-particle loading (e.g., 40 wt %), the SPES polymer still
performs well as a primer if the weight ratio of SPES to par-
ticles is kept at an appropriate constant.
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