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ABSTRACT: UiO-66-NH2 nanocrystals were synthesized and embedded into bromomethylated poly(phenylene oxide)/polyethersulfone
(BPPO/PES) polymer matrix to form UiO-66-NH2/BPPO/PES mixed matrix membranes (MMMs). The crystalline structure, interaction
between UiO-66-NH2 and BPPO, and dispersion of UiO-66-NH2 were characterized by FTIR, XRD, and SEM. Nanoparticle dispersion
was drastically enhanced with the assistance of BPPO, giving an improved adhesion between the polymer and filler particles. Owing to
the intrinsic adsorption property of UiO-66-NH2 and BPPO to CO2, the CO2 permeability was significantly increased. As a result, the
UiO-66-NH2/BPPO/PES membrane exhibited enhanced gas separation performance, where CO2/N2 and H2/N2 ideal selectivities were
increased to 50.2 and 302.4 with a CO2 permeability of 125.6 Barrer. © 2018 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46759.
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INTRODUCTION

Membrane technology provides greater simplicity and efficiency
of operation with low operating costs than traditional separation
processes such as adsorption, distillation, and condensation.
Owing to the ease of synthesis, polymeric membranes are cost
effective and widely used for gas separation.1,2 However, there is
a limit to the performance of polymeric membranes (the Robeson
upper bound) due to the tradeoff between permeability and selec-
tivity, the key parameters in gas separation membranes.3 To over-
come this limit, mixed matrix membranes (MMMs) have been
fabricated, and better gas separation performance has been
achieved in such MMMs compared with pristine polymeric
membranes.4

MMMs are usually synthesized by incorporating inorganic fillers
such as zeolites,5 metal–organic frameworks (MOFs),6,7 carbon-
based materials (e.g., carbon nanotubes8,9 and carbon molecule
sieve10), and other inorganic particles (e.g., α-alumina11 and
clay12) into polymers. Among these fillers, MOFs have attracted
wide attention. MOFs have a crystalline structure that is gener-
ated by linking organic ligands to metal ions. Compared to other
traditional inorganic fillers, MOFs present the following

advantages: (a) the predefined dimension of the cages supply
effective shortcuts for gas molecules in polymer matrix, (b) the
organic character of MOF linkers can enhance the interaction
between MOFs and polymers, and (c) the functionalization of the
ligands of MOFs can increase the affinity of the MOFs for spe-
cific gases. Thus, all these aforementioned merits make MOFs
interesting as promising fillers for MMMs in gas separation
application. However, the most difficult challenge is the good dis-
persion of inorganic fillers and accessing defect-free MMMs.
Defects are generally created because of incompatible interfaces
between polymers and filler particles. Moore and Koros have
summarized the different nonideal structures in MMMs, such as
interface voids or sieve in a cage.13

MMM fabrication requires good dispersion of nanoparticles in
polymer matrix. Basically, there are three ways to enhance the
interfacial interaction between MOFs and polymers: (a) by choos-
ing specific polymers with certain functional groups that can
react with MOFs,14–16 (b) by modifying MOFs with certain func-
tional groups such as –NH2 or –COOH that can react with or
form hydrogen bond with polymers,7,17–20 and (c) by adding the
third agent as a coupling agent to link MOFs and polymers.21,22
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Recently, Jin et al. fabricated MMMs by incorporating UiO-66
and UiO-66-NH2 into polyether block amide (PEBA). With the
interaction between UiO-66-NH2 and PEBA, the UiO-66-NH2-
PEBA membrane showed higher CO2 gas separation performance
than the UiO-66-PEBA membrane (CO2 permeability of 130 Bar-
rer, CO2/N2 selectivity of 72).14 Nik et al. utilized amino-
functionalized UiO-66 as the inorganic filler and as-synthesized
polyimide (PI) as the polymeric matrix. With the formation of
hydrogen bonds between polymers and fillers, the polymer mem-
brane became much more compact and resulted in decreasing
CO2 permeability (13.7 Barrer) while increasing CO2/N2 selectiv-
ity (52.1).18 Besides, Coronas et al. synthesized UiO-66-graphene
oxide (GO) and incorporated it in polyethersulfone (PES) and PI
matrix. With the existence of coupling agent GO, a good filler–
polymer interaction was obtained, and the permeability and
selectivity were enhanced simultaneously (CO2/CH4 selectivity
value of 51 at 21 Barrer of CO2; H2 permeability of 73 Barrer and
H2/CH4 selectivity of 151).

21

In this study, the MOF choice was UiO-66-NH2, and the polymer
choice was PES with bromomethylated poly(phenylene oxide)
(BPPO) as the coupling agent. BPPO has been reported to be a
new material and used to fabricate ultrafiltration membranes.
Compared to other polymers such as PES, polysulfone (PS) and
polyvinylidene fluoride, BPPO contains abundant reactive –
CH2Br functional groups that can easily react with –NH2

groups.23,24 UiO-66-NH2 has emerged as an efficient material for
CO2 capture and separation. Because of the presence of –NH2

groups, UiO-66-NH2 could react with BPPO. Considering the
compatibility between BPPO and other polymers such as PES,
BPPO can function as a coupling agent to link UiO-66-NH2 and
PES polymer (Figure 1) to enhance the interfacial interaction
between UiO-66-NH2 and PES. Thus, defect-free MMMs can be
achieved, and enhanced gas separation performance is expected.

EXPERIMENTAL

Materials
PES (E6020P, molecular weight: 51000) purchased from
BASF Company was chosen as the polymer matrix due to its
excellent thermal and mechanical characteristics. BPPO was sup-
plied by Tianwei Membrane Corporation Ltd., Shandong, China.
For synthesizing UiO-66-NH2, Zirconium(IV) chloride (ZrCl4,
98%) was supplied from Aladdin Industrial Company, China.

2-Aminoterephthalic acid, N,N-dimethyl formamide, acetic acid,
and methanol were purchased from Sinopharm Chemical
Reagent Company, China. The polar and powerful solvent N-
methyl pyrrolidone (NMP) was purchased from Sinopharm
Chemical Reagent Company, China. Deionized (DI) water was
used in all the experiments. All of the materials were used with-
out further purification.

Preparation of UiO-66-NH2 Composite Membrane
UiO-66-NH2 was prepared by our previous work,25 and well-
crystallized UiO-66-NH2 was obtained with a particle size cen-
tered at 128 nm. The MMMs were prepared by dense membrane
casting method using a casting knife with a gap of 150 μm. In
the preparation of MMMs, the content of nanoparticles (fillers)
was normally less than 20 wt %. For the UiO-66-NH2/BPPO/PES
MMM, the weight percent of UiO-66-NH2 based on PES is 15 wt
%. As BPPO is a kind of coupling agent, the weight ratio of
BPPO/PES is 1:6. The PES was pre-dried in a vacuum oven at
110�C overnight. UiO-66-NH2 (0.106 g) was dispersed in 7.5 g of
NMP. The mixture was then stirred for 1 h and sonicated for
30 min for three cycles to obtain a homogeneous suspension.
After that, 0.6 g of PES was added into the above solution and
stirred until it was fully dissolved. Meanwhile, 0.1 g of BPPO was
dissolved into 1 g of NMP and stirred for 3 h. Both of the UiO-
66-NH2-PES solution and BPPO solution were cooled in ice
water for 3 h, mixed under stirring for 5 min, and then sonicated
for 5 min at 0�C (in an ice–water bath). At such temperature, the
reaction between UiO-66-NH2 and BPPO will be slowed down.
The mixed solution was cast on a clean glass plate and dried at
30�C for 24 h. The resulting membrane was denoted UiO-
66-NH2/BPPO/PES. For comparison, pristine PES membrane
(0.6 g), BPPO/PES (0.1 and 0.6 g), blend membrane and UiO-
66-NH2/PES (0.15 and 0.6 g) were fabricated by a similar method
as above.

Characterization
The crystalline structures of UiO-66-NH2 and the membranes
were analyzed by X-ray diffraction (XRD) using Rigaku Ultima
IV with Cu Kα radiation (λ = 0.1542 nm) at 40 kV at room tem-
perature. The functional groups of the samples were character-
ized by Fourier transform infrared spectra (FTIR, Thermo
Electron Nicolet-360, USA) using the KBr wafer technique. Mor-
phologies of the as-prepared membranes were characterized by
scanning electron microscopy (SEM) utilizing a JSM-7600F
(JEOL Ltd., Japan) with an operating voltage of 5 kV. The mem-
brane samples were prepared by cutting off the membranes with
a surgical knife and subsequent sputter coating of palladium.
Thermal stability of PES-based membranes was investigated
using a thermogravimetric analyzer (TGA Q5000-IR, TA Instru-
ments) from 25 to 800�C with a heating rate of 5�C/min under
N2 atmosphere.

Gas Permeability Measurement
In this study, UiO-66-NH2 was used as the inorganic filler and
BPPO as the coupling agent. Owing to the inherent adsorption
capacity for CO2 of UiO-66-NH2 and BPPO, the CO2 permeabil-
ity performance was essential. CO2/N2 separation was selected as
the major research subject in this study. Besides, H2 gas separa-
tion performance was tested as the benchmark. The single gas

Figure 1. The schematic diagram of UiO-66-NH2/BPPO/PES mixed matrix
membrane and the interaction between UiO-66-NH2 and BPPO. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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separation performance of membranes was measured using a
flat-sheet permeability cell with an effective area of 2.84 cm2 at
room temperature (25�C), 0.1–0.4 MPa. Before the test, residual
gas present in the membranes and the pipeline was removed by a
vacuum pump. The normalized flux of the gas was measured
using a bubble flow meter under constant feed pressure. Mem-
brane permeability (Pi) can be written as

Pi ¼ LNi

AΔP
ð1Þ

where L is the membrane thickness (cm), measured with a digital
micrometer, Ni (cm

3/s) is the permeate flow rate of component
gas i, A (cm2) is the test area of membranes, and ΔPi (cmHg) is
the transmembrane pressure difference of i. The unit of perme-
ability (Pi) is expressed in Barrer [1 Barrer = 10−10 cm3 (STP)
cm/(cm2 s cmHg)].

The ideal selectivity calculated from the relation between the
permeabilities of the individual gases can be expressed as:

S i=jð Þ ¼ Pi
Pj

ð2Þ

RESULTS AND DISCUSSION

The microstructures of dense PES membrane, BPPO, UiO-
66-NH2, BPPO/PES blend membrane, and the UiO-66-NH2-
based MMMs were analyzed by XRD. As shown in Figure 2,
pristine PES and BPPO show amorphous structures with a prom-
inent peak recorded at 2θ = 17.5 and 23.5�, respectively.12,26 By
blending BPPO with PES, the peak of PES shifts from 17.5 to
18.4�. Meanwhile, the peak of BPPO is missing, indicating that
BPPO is compatible with PES matrix. The XRD pattern shows
that the synthesized UiO-66-NH2 exhibits a highly crystalline
structure.27 For UiO-66-NH2/PES and UiO-66-NH2/BPPO/PES,
it is clear that the UiO-66-NH2 nanoparticles maintain their crys-
tallinity and topology in the MMMs. Meanwhile, the peaks of
UiO-66-NH2 in PES and BPPO/PES polymers have a little
decrease, suggesting that inorganic fillers were trapped in the
polymer matrix.

The morphology of as-prepared membranes was characterized by
SEM. Figure 3(a,b) shows the cross-sectional SEM image of pris-
tine PES membrane and BPPO/PES blend membrane. It can be
seen that pure PES and BPPO/PES blend membrane are dense
and homogeneous without any defects and voids, indicating the
good compatibility between PES and BPPO. As shown in
Figure 3(c), some agglomerates of UiO-66-NH2 particles with size
of some micrometers could be seen in UiO-66-NH2/PES mem-
brane. From the surface image [Figure 3(e)], it clearly shows that
the size of agglomerated particles (170 nm) is larger than that of
the original UiO-66-NH2 nanoparticles (128 nm, as shown in
Figure S1). The poor dispersion of UiO-66-NH2 nanoparticles is
attributed to the weak interaction between UiO-66 frameworks
and polymer chains. Fortunately, the introduction of BPPO into
the UiO-66-NH2/PES membrane makes the UiO-66-NH2 nano-
crystals well-dispersed in the polymeric matrix. There is no
aggregate of MOF particles and visible voids at the MOF–
polymer interface [Figure 3(d) and Figure S2], further demon-
strating the enhanced interface interaction between UiO-66-NH2

and BPPO. Such results were quite similar to those of the PS-
UiO-66-NH2 hybrid membranes reported by Urban et al.28

Besides, the membrane thickness was also measured using the
SEM images (Figure 3), which was consistent with the results
tested using the digital micrometer. From the surface image [-
Figure 3(f )], the size of UiO-66-NH2 was 108 nm, which is smal-
ler than the original size of UiO-66-NH2 (128 nm), resulting
from the well-dispersion of UiO-66-NH2 in the polymer matrix
and some UiO-66-NH2 was extruded out of MMMs. A similar
phenomenon was also observed in the work of UiO-66-NH2-
PEBA.14

To further investigate the interaction in the membranes, the FTIR
spectra of pristine PES, BPPO, UiO-66-NN2, BPPO/PES blend
membrane, UiO-66-NH2/PES, and UiO-66-NH2/BPPO/PES
MMM are presented in Figure 4. The FTIR spectrum of pristine
PES membrane shows characteristic bands at around 561 (SO2

scissors deformation), 1104 and 1153 (SO2 symmetric stretch),
1244 (aryl–O–aryl C–O stretch), and 1294 and 1333 cm−1 (SO2

asymmetric stretch).9 For pristine BPPO, the characteristic peak
of C–Br stretch appears at 625 cm−1, and the peaks at 1610 and
1476 cm−1 correspond to the phenyl group vibrations.23 It is
obvious that the characteristic peaks of BPPO almost disappear
in the BPPO/PES blend membrane, which indicates that BPPO
has a good compatibility with PES matrix. For UiO-66-NH2, the
striking peaks at 1662 and 1574 cm−1 indicate the presence of –
NH2 groups. It is obvious that the characteristic peak of –NH2

groups also exists in UiO-66-NH2/PES. Besides, by incorporating
UiO-66-NH2 in PES matrix, the characteristic peak of SO2 sym-
metric stretch shifts from 1153 to 1158 cm−1, indicating the
hydrogen bonding interaction between N–H and S=O that is
called redshift as shown in Figure 4(a).14 UiO-66-NH2/BPPO/
PES membrane shows a similar FTIR spectrum to UiO-66-NH2/
PES. The interaction between –NH2 in UiO-66-NH2 and C–Br in
BPPO was demonstrated by the direct mixture of UiO-66-NH2

and BPPO, where the intensity of the amino characteristic peak
suffers a significant reduction and the characteristic peak of C–Br
stretch disappears. Meanwhile, the peak at 1383 cm−1 (R2–NH)
was obviously enhanced compared with the intensity of the –

Figure 2. XRD patterns of PES membrane, BPPO, and BPPO/PES blend
membrane and the UiO-66-NH2-based mixed matrix membranes. [Color
figure can be viewed at wileyonlinelibrary.com]
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NH2 peaks in UiO-66-NH2@BPPO composites, indicating the
interaction between the MOF and polymer [Figure 4(b)].23

The thermal behavior and thermal decomposition were investi-
gated to sketch the influence of the interaction between BPPO
and UiO-66-NH2 on the key properties of the UiO-66-NH2/
BPPO/PES membranes. The thermal behavior of the pristine
PES, PES/BPPO, PES/UiO-66-NH2, and UiO-66-NH2/BPPO/PES
membranes was evaluated by TGA analyses, as displayed in
Figure 5(a). For pristine PES and BPPO, major weight loss occurs
at 553 and 412�C, corresponding to the degradation of the poly-
mer.29,30 The blend membrane (PES/BPPO) shows an obvious

weight loss up to 505�C.31 Meanwhile, UiO-66-NH2 underwent
an obvious weight loss below 300�C attributed to adsorbed water
and other types of physical adsorption (residual DMF in
the pores). The observed weight loss at high temperatures
(350–600�C) corresponds to the dehydroxylation of the
Zr6O4(OH)4 cornerstone into Zr6O6.

14 By incorporating UiO-
66-NH2 into PES, the degradation temperature of PES/UiO-
66-NH2 occurs at 541�C [Figure 5(b)]. In UiO-66-NH2/BPPO/
PES, UiO-66-NH2 was incorporated into the PES/BPPO blend
membrane whose degradation temperature was lower than pris-
tine PES membrane. However, the decomposition temperature of
UiO-66-NH2/BPPO/PES (543�C) was quite close to that of
PES/UiO-66-NH2. This improvement in thermal stability may be
attributed to the uniform particle dispersion and the removal of
the interfacial voids.29

Single-gas permeabilities across the prepared membrane are
shown in Table I. For the pure PES membrane, the permeability
of H2, CO2, and N2 is 17.63, 6.98, and 0.60 Barrer, respectively,
and the ideal selectivity of H2/N2 (29.4) and CO2/N2 (11.6)
(25�C, 0.1 MPa) is in good agreement with the previous
study.11,32 By incorporating UiO-66-NH2 in PES matrix, the per-
meability for all gases shows a significant enhancement, with H2,
CO2, and N2 permeabilities of 161.6, 28.8, and 1.44 Barrer,
respectively. This is due to the intrinsic pore size of UiO-66-NH2

nanoparticles (0.6 nm),27 which is larger than the kinetic diame-
ters of H2 (0.29 nm), CO2 (0.33 nm), and N2 (0.36 nm). Mean-
while, the CO2-philic characteristic of UiO-66-NH2 frameworks
significantly enhanced the selectivity of UiO-66-NH2/PES (CO2/
N2 ideal selectivity of 20.0).14 In the BPPO/PES blend membrane,
the permeability of N2 (0.76 Barrer) and H2 (25.23 Barrer) was
increased a little.33,34 Besides, on account of the inherent prefer-
ential adsorption of BPPO for CO2, the permeability of CO2 was
increased (12.56 Barrer) by 80%, as compared to pure PES
membrane. Therefore, an increased CO2/N2 selectivity was
observed for BPPO/PES (16.5).34 By introducing BPPO into the
UiO-66-NH2/PES membrane (UiO-66-NH2/BPPO/PES), both
permeability and selectivity were increased, as compared to UiO-
66-NH2/PES and BPPO/PES membranes. This should be ascribed
to two reasons: (1) BPPO is well-compatible with the major
polymer (PES) resulting in the good dispersion of BPPO in PES

Figure 3. SEM images of (a) PES, (b) BPPO/PES, (c,e) UiO-66-NH2/PES,
and (d,f) UiO-66-NH2/BPPO/PES membranes: cross section (a–d) and sur-
face (e,f). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. FTIR spectra of (a) PES, BPPO, UiO-66-NH2, UiO-66-NH2/PES, BPPO/PES, and UiO-66-NH2/BPPO/PES membranes and (b) pure UiO-
66-NH2, BPPO and the mixture of UiO-66-NH2 and BPPO (UiO-66-NH2@BPPO). [Color figure can be viewed at wileyonlinelibrary.com]

ARTICLE WILEYONLINELIBRARY.COM/APP

46759 (4 of 7) J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.46759

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP


matrix, and (2) the close reactions between UiO-66-NH2 and
BPPO (Figure 1) well disperse UiO-66-NH2 nanoparticles around
BPPO chains within the PES matrix.23 Therefore, the CO2-philic
property of BPPO and UiO-66-NH2 and effective shortcuts pro-
vided by UiO-66-NH2 significantly enhanced the permeability
and selectivities, which approach the permeability/selectivity tra-
deoff relationship in polymeric membranes.3

The gas permeability of UiO-66-NH2/BPPO/PES at different
pressures (0.1–0.4 MPa) was also studied, as shown in Figure 6.
With the increase of feed pressure, the permeability of CO2

decreased slightly. The permeability of N2 increased slightly, and
a similar phenomenon was observed in PES–N-methyldiethanola-
mine membrane.35 As a result, the CO2/N2 selectivity of the
UiO-66-NH2/BPPO/PES membrane shows a decreasing trend
with the increase of feed pressure. Because there is no pore in
UiO-66-NH2/BPPO/PES MMM, all gas molecules follow the
solution diffusion mechanism. Owing to the inherent adsorption
capacity of UiO-66-NH2 and BPPO for CO2, the permeability of
CO2 was enhanced compared to N2 in 0.1 MPa. As the pressure
increases, the permeability of CO2 almost remains unchanged

Figure 5. (a) TGA and (b) DTG thermograms of pristine PES, BPPO-PES, UiO-66-NH2@PES, and UiO-66-NH2@BPPO-PES membranes. [Color figure can
be viewed at wileyonlinelibrary.com]

Table I. Comparison of Single Gas Permeability on Pure PES, BPPO/PES, UiO-66-NH2/PES, and UiO-66-NH2/BPPO/PES Membranes

Membrane Thickness (μm)

Permeability (Barrer) Ideal selectivity

N2 CO2 H2 CO2/N2 H2/N2

Pristine PES 5.2 0.60 6.98 17.63 11.6 29.4

UiO-66-NH2/PES 5.4 1.44 28.77 161.6 20.0 112.2

BPPO/PES 7.2 0.76 12.56 25.23 16.5 33.2

UiO-66-NH2/BPPO/PES 8.4 2.50 125.6 756.1 50.2 302.4

Figure 6. Effect of feed pressure on gas separation performance of mem-
branes. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7. The operational stability of UiO-66-NH2/BPPO/PES membrane
(membranes were tested at 0.1 MPa, 25�C). [Color figure can be viewed at
wileyonlinelibrary.com]
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because of the adsorption site saturation. However, the perme-
ability of N2 gas molecules through the membrane only follows
the solution diffusion mechanism without any adsorption facilita-
tion. With the increase of the N2 concentration on the membrane
surface, the permeability increases a little.36

The stability of the membrane is a vital characteristic that deter-
mines the viability for practical applications. As shown in
Figure 7, the stability of UiO-66-NH2/BPPO/PES membrane is
tested up to 2000 min under the CO2 and N2 single gas at 25�C
and a feed pressure of 0.1 MPa. Despite a little fluctuation, the-
curves of the CO2 and N2 permeability and the CO2/N2 selectiv-
ity are broadly stable throughout the test. These results
demonstrate the good stability of the UiO-66-NH2/BPPO/PES
membrane.36

Table II shows the comparison of gas separation performance for
the PES-based MMMs with other types of fillers in the literature.

We determined the gas transport results of a series of MMMs
upon the addition of different fillers. Besides, the comparison
with the Robeson upper bound is shown in Figure 8. Compared
with pure PES membrane, both BPPO/PES blend membrane and
UiO-66-NH2/PES MMMs exhibit improved CO2/N2 gas separa-
tion performance. However, it can be obviously found that the
UiO-66-NH2/BPPO/PES MMM shows higher CO2 permeability
and selectivity than BPPO/PES blend membrane and UiO-
66-NH2/PES MMMs. Furthermore, UiO-66-NH2/BPPO/PES
MMM approaches the upper bound for state-of-the-art mem-
branes. This endows the developed UiO-66-NH2 MOFs MMMs
with potentiality for practical application.

CONCLUSIONS

In summary, we reported the design and fabrication of BPPO-
assisted UiO-66-NH2/BPPO/PES MMMs. By incorporating
BPPO as the coupling agent, UiO-66-NH2/BPPO/PES MMM
showed an enhanced morphology and thermal stability as
revealed by SEM and TGA, resulting from the interaction
between UiO-66-NH2 and BPPO. Meanwhile, UiO-66-NH2 in
polymer matrix provided shortcuts for gases, and the permeabil-
ity of MMMs was enhanced. Furthermore, owing to the intrinsic
adsorption of CO2 on UiO-66-NH2 and BPPO, the CO2 perme-
ability was significantly enhanced. The as-prepared UiO-66-NH2/
BPPO/PES exhibited high and stable CO2/N2 separation perfor-
mance, with H2, CO2, and N2 permeabilities of 756.1, 125.6, 2.5
Barrer, respectively (CO2/N2 ideal selectivity of 50.2 and H2/N2

ideal selectivity of 302.4).
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Table II. Comparison of Gas Permeability Results of PES-Based MMMs Embedded with Different Types of Filler

Filler

Testing conditions Permeability (Barrer) Selectivity References

P (bar) T (�C) N2 CO2 H2 CH4 CO2/N2 CO2/CH4

Zeolite 4A 10 35 0.066 1.3 4.3 0.030 19.7 43. 3 17

Zeolite 5A 10 35 0.085 2.5 11 0.065 29.4 38.5

MWCNTs 3(N2); 4(CO2, CH4) 27 5.35 45.3 - 2.33 8.46 19.6 37

α-Alumina 4 25 0.45 6.4 59 - 14.2 - 11

SAPO-34 2 25 - 453.0 - 37.4 - 12.1 38

Cloisite15A 3 25 - 2.8 - 0.06 - 46.7 12

SAPO-34 (HMA) 2 35 - 2.38 9.35 0.0074 - 33.1 32

SAPO-34 (Tf2N) 30 25 - 21 000 - 335.3 - 62.6 39

CMS (DEA) 6 25 - 9170.8 - 178.4 - 51.4 10

UiO-66-NH2 1 25 1.44 28.7 161.6 - 20.0 - This work

UiO-66-NH2 (BPPO) 1 25 2.5 125.6 756.1 - 50.2 - This work

P in Barrer [1 Barrer = 1 × 10−10 cm3 cm/(cm2 s cm Hg)].

Figure 8. Comparison of CO2/N2 separation for pristine PES, BPPO/PES,
UiO-66-NH2/PES, UiO-66-NH2/BPPO/PES, and a series of PES-based
membranes with Robeson upper bound. [Color figure can be viewed at
wileyonlinelibrary.com]
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