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Optimization of continuous phase in amino-
functionalized metal–organic framework (MIL-53)
based co-polyimide mixed matrix membranes for CO2/
CH4 separation

Xiao Yuan Chen, Vinh-Thang Hoang, Denis Rodrigue* and Serge Kaliaguine

Nano-size non- and amino-functionalized flexible crystalline metal-organic frameworks (MOFs) MIL-53(Al)

and NH2-MIL-53(Al), two co-polyimides 6FDA/ODA-DAM (1 : 1 and 1 : 4) and cross-linked co-polyimide

6FDA-ODA-DAM (1 : 1, 2% agent cross-linking APTMDS) were used to prepare mixed matrix membranes

(MMMs) whilst membranes consisting of MIL-53(Al) and commercial polyimides (Matrimid 5218 and

Ultem 1000) were also fabricated for comparison. Pure gases and blends of CO2 and CH4 permeation

tests showed enhanced separation performance of MMMs with relatively high NH2-MIL-53(Al) loadings

(CO2 permeability up to 65 Barrer, ideal selectivity up to 36.5). A detailed study of the relation between

MMM properties and their morphology as affected by the nature of continuous polyimide phase was

performed. The separation factor increased with MOF loading. Furthermore, these materials showed

stable CO2/CH4 selectivity at increasing feed pressure, in contrast to the traditional polymer membranes.

The separation performances as functions of operation temperature and composition of gas mixture

were also studied. Experimental permeation data of MMMs with 6FDA-ODA-DAM (1 : 1, 2% agent

cross-linking APTMDS) and up to 35 wt% NH2-MIL-53(Al) loading are in excellent agreement with the

modeling predictions by both the Maxwell model and the modified Maxwell model. An approximately

ideal morphology was reached when preparing MMMs. A computational optimized process was

proposed in order to estimate simultaneously three independent parameters, including gas permeability

of dispersed filler, interphase thickness and polymer chain rigidification factors, which would be applied

for non-ideal MMM systems.
1 Introduction

Today, polymer membrane-based CO2/CH4 gas separation has
mainly three important elds of application: (1) gases miscible
with oil like CO2 and/or N2 are injected into petroleum reser-
voirs to increase the recovery rates of oil and/or gas;1 (2) natural
gas contains large amounts of sour gas such as CO2 and water
vapor, and removal of acid gases can increase the caloric value
of natural gas while reducing pipeline corrosion;2 (3) for
cleaning of bio-gas, which normally contains 55–60% methane
and 38–40% CO2.3 Polymer membranes have been used in
industrial applications and play a major role in the eld of gas
separation since they are cheaper than inorganic membranes,
and easier to produce into hollow bers or at sheets.4 For
polymeric materials, a general trade-off exists between perme-
ability and selectivity.5,6 At high pressures, polymer membranes
have a disadvantageous effect designated as plasticization. This
is related to the solubilization of CO2, which tends to decrease
sité Laval, Québec City, Quebec, Canada.
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membrane performance, thus limiting the range of separation
conditions and affecting the process economics.7 In order to
overcome Robeson's upper bound trade-off, researchers sug-
gested using carbon (CMS), ceramic and zeolite membranes for
gas separations.8 Although the separation performances of
these materials are well above the upper bound trade-off curve,
they were still found difficult to process and expensive to
fabricate.9 Mixed matrix membranes (MMMs) combine the
potential advantages of inorganic particles and polymer matrix,
which are the superior permeability or selectivity of the former
and good processability and mechanical properties of the
latter.10–12 In principle, adhesion of a continuous polymer
matrix to a dispersed zeolite can create a hybrid material with
appropriate properties.13,14 The inorganic surface chemistry of
zeolites, however, leads to additional membrane formation
challenges, when attempting to create a defect-free
morphology.15 In our previous work, MMMs comprising zeolites
(FAU/EMT) and 6FDA-ODA polyimide have shown good sepa-
ration properties for CO2/CH4 separation, but zeolites must be
graed by amino-propyltriethoxysilane in polar solvents and the
continuous polymer phase should be cross-linked.16,17
This journal is ª The Royal Society of Chemistry 2013
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Metal organic frameworks (MOFs) are a relatively new class
of hybrid materials, which originate through the self-assembly
of complex subunits comprising transition metal centers con-
nected by various polyfunctional organic ligands (usually
carboxylates, sulfonates or phosphonates), resulting in the
formation of one-, two-, and three-dimensional networks with
high porosity.18 MOFs are extensively studied in a variety of
applications due to their large surface area, tunable pore size,
and diversied topology.18–20 The applications of MOF materials
as llers in the MMM eld, however, are still in their infancy.
The main drawbacks of MOFs are frequently lower thermal and
chemical stability as well as higher production cost as
compared to traditional llers such as zeolites and CMSs
(carbon molecular sieves).21

Up to now, several kinds of MOFs have been applied for the
fabrication of MMMs, including Cu-BPDC-TED (BPDC-TED ¼
biphenyl dicarboxylate-triethylenediamine), {[Cu2(PF6)(NO3)-
(4,40-bpy)4]$2PF6$2H2O}n, Mn(HCOO)2, MOF-5 or IRMOF-1,
HKUST-1 or Cu3(BTC)2 (BTC ¼ benzene-1,3,5-tricarboxylate),
Fe-BTC, Zn(BDC)(TED)0.5 (bdc¼ benzene-1,4-dicarboxylic acid),
Cu(hpbb)(H2hpbb)2 (hpbb ¼ hexauoroisopropyl-idene-
bis-benzoic acid), Cu-BPY-HFS (Cu-4,40-bipyridine-hexa-
uororsilicate), Cu-TPA (TPA ¼ terephthalic acid), MOP-18,
MIL-47, MIL-53, MIL-101, ZIF-7, ZIF-8, ZIF-90, UiO-66. Gener-
ally, MOF-based MMMs combine the high sorption properties
of MOFs with good permeability and mechanical properties of
polymer matrices. Although these membrane materials exhibit
a high degree of MOF-polymer adhesion, their gas separation
performance is still insufficient.21

Amino-functionalized NH2-MIL-53 is based on MIL-53
topology, where 1,4-benzenedicarboxylic acid is replaced by
2-aminoterephthalic acid. MIL-53 framework is built up from
innite inorganic chains, consisting of trans-corner-sharing
{MO4(OH,F)2} (M ¼ Al3+ or Cr3+ or Fe3+ or In3+) octahedra cross-
linked by bis-bidentate terephthalate linkers, creating 1D
rhombic shaped tunnels.22 Using NH2-MIL-53 as ller for
MMMs, an excellent contact between the polymer matrix and
dispersed phase have been reported, even at high ller loadings
(up to 40 wt%). Owing to a signicant enhancement in
hydrogen bonding between amine group of NH2-MIL-53 llers
and sulfone or imine groups of polymer matrix, an improve-
ment in separation factor and, most importantly, CO2 perme-
ability was reported.23–26 Interestingly, opposite to the gas
performance of most inorganic membranes reported in the
literature, CO2/CH4 selectivity of these MMMs increased with
increasing pressure, which can be explained by the intrinsic
exibility or “breathing effect” of the MIL-53 ller upon
adsorption of some penetrant gases (CO2, H2O), but not of other
ones (H2, CH4).23,24

In the other hand for polymer matrix, 6FDA-ODA polyimide
containing 6FDA, (4,40-(hexauoroisopropylidene)-diphthalic
anhydride) and ODA (4,40-oxidianiline), display higher gas
permeability due to the –C(CF3)2 group in the dianhydride and
better selectivity due to the –O group in the diamine for
CO2/CH4 separation.27,28 Moreover, this polyimide was found to
exhibit good compatibility with inorganic llers (for both zeolite
FAU/EMT and NH2-MIL-53) for CO2/CH4 separation.17,24
This journal is ª The Royal Society of Chemistry 2013
In the present work, changing the nature of the polyimide
phase of the previously optimized 6FDA-ODA-MIL-53(Al) mixed
matrix membranes as it affects the membrane properties in
CO2/CH4 separation was attempted. To this end, ODA was
co-polymerized with 1,3,5-trimethyl-2,6-phenylenediamine
(DAM). The membrane properties of lms of 6FDA-DAM have
been recently shown to be impressive in CO2/CH4 separation
(CO2 permeability ¼ 350 Barrer; PCO2

/PCH4
¼ 17.6 at 35 �C,

4.5 atm).29 A comparative study on the CO2/CH4 separation
performance of 6FDA-ODA-DAM co-polyimide MMMs contain-
ing amino-functionalized MIL-53(Al) was performed,
comparing to the ones of commercial Matrimid 5218 and Ultem
1000 polymers. The experimental permeation results were
further evaluated using two theoretical predictive models for
MMMs, namely the Maxwell model and the modied Maxwell
model.
2 Theoretical section

For a transport of two components A and B through a
membrane, the permeability Pi of penetrant i can be expressed
as follows:

Pi ¼ 22414

A

V

RT

l

Dp

dp

dt
: (1)

The ideal selectivity can be written as the ratio of
permeabilities:

aAB ¼ PA

PB

(2)

here, PA and PB are the permeabilities of components A and B,
respectively. A is the membrane area (cm2), l is the membrane
thickness (cm), Dp is the upstream pressure (psi), V is the
downstream volume (cm3), R is the universal gas constant
(6236.56 cm3 cmHg mol�1 K�1), T is the absolute temperature
(K) and dp/dt is the permeation rate (psi s�1).

In order to understand the transport properties of MMMs,
theoretical models that can make quantitative predictions for
the separation performance play an important role. As detailed
summarily in the recent review of Vinh-Thang and Kaliaguine,30

many theoretical models available in the literature have been
proposed to predict the separation performance of MMMs with
a satisfactory agreement with experimental observations.

The particularly useful Maxwell model developed in 1873,
originally derived from the estimation of the dielectric proper-
ties of particulate composite materials, has been widely
accepted as a simple and effective tool for predicting perme-
ation properties of a two-phase ideal MMM:31

Peff ¼ Pc

�
Pd þ 2Pc � 2fdðPc � PdÞ
Pd þ 2Pc þ fdðPc � PdÞ

�
(3)

where, Peff describes the effective steady-state permeability of a
gaseous penetrant through a MMM, Pd and Pc are the effective
permeability of pure ller membrane and polymer matrix,
respectively, fd is the volume fraction of dispersed llers. The
Maxwell model is strictly applicable to a dilute suspension of
spherical particles at low loadings, when the volume fraction of
RSC Adv., 2013, 3, 24266–24279 | 24267
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ller particles is less than about 0.2, because of the assumption
that the streamlines around particles are not affected by the
presence of nearby particles.

For ideal MMMs, which consist of inorganic llers and
polymer matrix with no defects and no distortion at the ller-
polymer interface, various other theoretical models such as
Bruggeman, Böttcher and Higuchi, Lewis–Nielsen, Pal, Gonzo–
Parentis–Gottifredi (GPG), Funk–Lloyd, Kang–Jones–Nair (KJN)
have been developed.30 Similar agreement between model
predictions and experimental data can, however, be observed
only at low ller loading.

Moreover, it is very difficult to reach ideal membrane
morphology because of the imperfect ller-polymer adhesion.
Some non-ideal effects, e.g. total or partial pore blockage,
polymer chain rigidication and interfacial voids may affect
permeation performance of MMMs. To consider these interfa-
cial defects in a non-ideal morphology, the modied Maxwell,
modied Lewis–Nielsen, original and modied Felske, modi-
ed Pal and Hashemifard–Ismail–Matsuura (HIM) models have
been reported.30

For the modied Maxwell model, proposed by Majahan and
Koros32 and extended by Li et al.,33 the Maxwell equation is rst
applied to predict permeability (Pps) of a pseudo-dispersed
phase:

Pps ¼ PI

�
Pd þ 2PI � 2fsðPI � PdÞ
Pd þ 2PI þ fsðPI � PdÞ

�
(4)

where, PI is the permeability of interphase affected by the
polymer chain rigidication (b) factor, i.e. PI ¼ Pc/b.

The pseudo-dispersed phase is a two-component phase,
which is assumed to comprise of a dispersed phase surrounded
by an interfacial phase. The latter can be alternatively interfacial
voids, pore blockage region and rigidied interphase layer. The
pseudo-dispersed phase is then assumed as another dispersed
phase. Here, fs is the volume fraction of dispersed ller within
the pseudo-dispersed phase, which is calculated as functions of
the ller radius (rd) and interphase thickness (lI):

fs ¼
fd

fd þ fI

þ rd
3

ðrd þ lIÞ3
(5)

fI is the volume fraction of interfacial phase within the
pseudo-dispersed phase. Then using this calculated perme-
ability, the overall MMM's permeability Peff can be predicted
using the Maxwell equation for the second time:

Peff ¼ Pc

�
Pps þ 2Pc � 2ðfd þ fIÞðPc � PpsÞ
Pps þ 2Pc þ ðfd þ fIÞðPc � PpsÞ

�
: (6)

Applying the modied Maxwell model, the separation
performances of various non-ideal MMMs have been estimated
quantitatively considering interfacial defects with good agree-
ment between model predictions and experimental data at
higher ller loadings.30 It should be noted that, in this model,
the interphase thickness (lI) is generally extracted from SEM
images, which affects the deviation of model predictions from
experimental data.
24268 | RSC Adv., 2013, 3, 24266–24279
3 Experimental section
3.1 Polyimide synthesis

6FDA-ODA-DAM co-polyimides were synthesized by a two-step
method as described elsewhere.28 6FDA ¼ 4,40-(hexauoro-iso-
propylidene)diphthalic anhydride, >99% purity, was provided
by Chriskey Company. ODA ¼ 4,40-oxidianiline, 97% purity, is
purchased from Sigma-Aldrich and puried by vacuum subli-
mation. DAM ¼ 1,3,5-trimethyl-2,6-phenylenediamine, 98%
purity, was obtained from TCI America and puried by vacuum
sublimation. NMP ¼ 1-methyl-2-pyrrolidone was purchased
from TCI America. APTMDS ¼ bis(3-aminopropyl)tetramethyl-
disiloxane, 99.9% purity, obtained from Gelest Inc was used as a
cross-linking agent. In the rst step, poly(amic acid)s (PAA)
derived from equimolar amounts of solid 6FDA and diamines
(ODA : DAM 50 : 50 and 20 : 80 mol%) were prepared by solu-
tion condensation in NMP. Then APTMDS was added to PAA
solutions to form cross-linked co-polyimides. Both reaction
mixtures were stirred using a power drill (Mastercra) con-
nected to a power start variable autotransformer (The Superior
Electric co. Bristol Conn, USA) stirrer under an argon atmo-
sphere and placed in an ice–water mixture for 15 h.

In the second step, poly(amic acid)s were then imidized to
form polyimides by chemical imidization under argon atmo-
sphere at room temperature for 24 h by adding acetic anhydride
(dehydrating agent) and triethylamine (catalyst). The polyimide
solution was then precipitated with methanol, washed several
times with methanol and dried at 200 �C in a vacuum oven
for 24 h.
3.2 MOF synthesis

The synthesis of MIL-53(Al) as well as NH2-MIL-53(Al) was per-
formed as reported elsewhere.34 First, aluminum nitrate non-
ahydrate (Al(NO3)3$9H2O, >98% purity, purchased from Sigma-
Aldrich) dissolved in DMF (dimethylformamide, 99.8% purity,
obtained from Sigma-Aldrich) and 2-amino- or terephthalic acid
((H2N)- or C6H3-1,4-(CO2H)2, 98% purity, purchased from
Sigma-Aldrich) dissolved in DMF were mixed under stirring.
The mixture molar composition was 1 Al(NO3)3 : 1.48 acid
(amino- or terephthalic acid) : 184.5 DMF. The obtained solu-
tion was aged for 24 h and then transferred to a Teon-lined
stainless steel autoclave. The autoclave was heated in an oven at
130 �C for 3 days. Aer the mixtures were cooled, the as-
synthesized yellow (NH2-MIL-53(Al)) or white (MIL-53(Al))
powders were collected by centrifugation at 5000 rpm for
15 min. To remove the incorporated 2-amino- or terephthalic
acid, the as-synthesized powders were washed twice with
anhydrous DMF in an autoclave at 130 �C for 24 h. Aerward,
DMF was removed by acetone Soxhlet extraction for 20 h.
Finally, the solids were dried at 100 �C under vacuum for 48 h.
3.3 Preparation of MMM's membranes

Before starting the preparation, the three polymers, i.e. Matri-
mid 5218, Ultem 1000 and 6FDA-ODA-DAM co-polyimides, and
two MOFs, i.e. MIL-55(Al) and NH2-MIL-53(Al), were dried at
130 �C. MOF loadings are determined using eqn (7):
This journal is ª The Royal Society of Chemistry 2013
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MOF loading wt ¼
�

MOF wt

MOF wt þ Polyimide wt

�
100%: (7)

MMM membranes were prepared by the dense lm casting
method. First, 0.4–0.5 g of polyimide was dissolved in 5 ml of
chloroform. The obtained solution was then ltered to remove
un-dissolved materials and dust particles. The MOF's powders
were added to 5ml of chloroform, followed by sonicating for 1–2
min. Then, approximately 10% of polymer solution was added
to the MOF suspension to “prime” the MOF. The “priming”
technique, which consists of the addition of low amounts of
polymer to the MOF suspension before incorporation of the
particles into the polymer lm to make the particles more
compatible with the polymer, is believed to improve the trans-
port properties of MMMs.16,17 The slurry was agitated for 1 h to
obtain a good homogenization. The remaining amount of the
polymer solution was added to the slurry and the nal slurry is
agitated again for 1 day. A nascent lm was cast from the
solution onto a clean glass plate using a small metal container
with a cover to delay solvent evaporation from the nascent
membrane. The membrane was further dried for 15 h at 200 �C
under vacuum. The average thickness of MMMs was 40–85 mm,
measured with a micrometer.
Fig. 1 SEM photo of MIL-53(Al) (A and C) and NH2-MIL-53(Al) (B and D).
3.4 Characterization

Nitrogen adsorption measurements were carried out to char-
acterize the textural properties of the MOF samples, including
total BET specic surface area and micropore volume
(Nova 2000, Quantachrome Corp., USA, and Omnisorb-100
automatic analyzer at �196 �C). SEM images were performed to
determine the crystal size and to characterize the morphology of
the dispersed phase, using a JEOL JSM-840A operated at 15–
20 kV. The weight loss curves (TGA-DTG) were recorded using a
TA Instruments TGA model Q5000IR from 100 to 850 �C at a
heating rate of 10 �C min�1 under nitrogen.

In order to conrm the presence of functional and amino-
functionalized groups in MMMs, FT-IR spectra were recorded
using a Nicolet Magna 850 Fourier transform infrared spec-
trometer (Thermo Scientic, Madison, WI) equipped with a
liquid-nitrogen-cooled narrow-band MCT detector using
Golden-Gate (diamond IRE) ATR accessories (Specac Ltd.,
London, U.K.). Each spectrum was obtained from the acquisi-
tion of 128 scans at 4 cm�1 resolution from 4000 to 700 cm�1

using Happ-Genzel apodization.
Tg and tensile properties of MMMs were determined using

dynamic mechanical thermal analyzer (TA Instruments, RSA-3,
New Castle, DE) on samples having dimensions of 25 � 6 �
0.02mm3. For Tg measurements, the temperature was increased
from 30 to 350 �C at a rate of 10 �C min�1 with the strain set at
0.05% and a frequency of 1 Hz.

The pure gas transport properties were measured using the
variable pressure (constant volume) method.16,24 In the
measurement, the permeate pressure was varied from 10�3 to
30 Torr. For each membrane composition, at least three or four
different membranes were prepared in order to detect defective
membranes, which would yield inacceptable permeation rates.
This journal is ª The Royal Society of Chemistry 2013
For all reported data the membrane properties were established
for at least two replicas of the same membrane composition.
For each replica the permeation, selectivity, and separation
factor were averaged over three replicate permeation tests. The
reported data correspond to averages of these results. The
separation factor (a*AB), represents the ability of a membrane to
separate a binary gas mixture, and is dened as eqn (8):

a*AB ¼ (yA/yB)/(xA/xB) (8)

here, yA and yB are the mole fractions of the components in
permeate, while xA and xB are their corresponding mole frac-
tions in the feed. The values of molar compositions are average
values of at least ve measurements aer steady composition
was reached, in an experiment in which permeates composition
was measured by gas sampling and GC analysis at different
times. The relative error on these measured values is less than
2%. Indeed, the time to reach stable composition was well over
12 time lags (12q). From the data obtained, the total perme-
ability was calculated using eqn (1), the permeability of each gas
in the mixture was then determined by (for negligible down-
stream pressure):

Pi ¼ Ptotal

yi

xi

: (9)

4 Results and discussion
4.1 MOF's characterization

4.1.1 SEM. SEM images of dispersed phases, including the
synthesized non- (MIL-53(Al)) and amino-functionalized
(NH2-MIL-53(Al)), are shown in Fig. 1. The results revealed that
both kinds of MOFs are agglomerate crystals with 5–10 mm in
size (Fig. 1A and B at lower magnication �200). From the
Fig. 1C and D performed at higher magnication �20 000, the
average elementary particle size is in the range of 100–150 nm.

4.1.2 BET. N2 sorption results of MIL-53(Al) and NH2-MIL-
53(Al) are listed in Table 1. The specic surface area, mesopore
surface area, and micropore and mesopore volume of the
amino-functionalized NH2-MIL-53(Al) were lower than those of
RSC Adv., 2013, 3, 24266–24279 | 24269
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Table 1 Physical properties of non- and amino-functionalized MIL-53(Al)

MOF SBET (m2 g�1) Smeso (m
2 g�1) Vmicro (cm

3 g�1) Vmeso (cm
3 g�1) Bulk density (g cm�3) Pore diameter (nm)

MIL-53(Al) 1440 290 0.455 0.272 0.435 0.8a

NH2-MIL-53(Al) 840 120 0.265 0.137 — —

a Specication from Sigma-Aldrich.
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the non-functionalized MIL-53(Al). The BET surface varied from
1440 to 840 m2 g�1, while the micropore volume (Vmicro)
decreased from 0.375 to 0.215 cm3 g�1 (Table 1). Mesopore
surface area and mesopore volume show the same trend. The
amine-functional group did not change the morphology of MIL-
53(Al), but affected the specic surface area and pore volume.

4.1.3 TGA-DTG. Fig. 2 shows the TGA curves of MIL-53(Al)
and NH2-MIL-53(Al) powders, indicating two step weight loss.
The lower temperature peak corresponds to the release of the
guest molecules (water 100 �C and solvent DMF around 200 �C)
within the pores, while the higher temperature peak is related to
the decomposition of terephthalic acid or amino-terephthalic
acid ligands from the organic framework. Additionally, the
lower thermal stability of amino-functionalized NH2-MIL-53(Al)
sample is due to loss of NH2 group.24,36
Fig. 3 SEM micrographs of (A) Matrimid 5218 membrane with 15 wt%
NH2-MIL-53(Al); (B) Ultem 1000 membrane with 15 wt% NH2-MIL-53(Al).

Fig. 4 SEM micrographs of (A) 6FOD(11)-NH2-M-10%; and (B) 6FOD(14)-NH2-
M-15%.
4.2 MMM's characterization

4.2.1 SEM. In order to investigate the dispersion of MOF
llers within the polymer, cross-sectional micrographs of
MMMs were also performed (Fig. 3–6).

The pictures showed that the ller agglomeration was
observed in all the polyimide-MOF membranes. Among these
SEM pictures, the 6FOD(11) + 2%-NH2-M-30% membrane
(Fig. 5C) shows the most uniform distribution with a good
interfacial contact between the llers and the polymer matrix.
The phase morphology change and product polymer alveoli
around NH2-MIL-53(Al) particles, the shape and size of these
alveoli are related to this interaction. The alveoli in Fig. 3A are
Fig. 2 TGA curves of non- and amino-functionalized MIL-53(Al).

24270 | RSC Adv., 2013, 3, 24266–24279
different compared to those of other MMMs containing NH2-
MIL-53(Al) as llers. This feature seems thus to be strongly
affected by the interaction of Matrimid 5218 polymer with the
external surface of amino-functionalized particle. In addition,
Fig. 5 SEM micrographs of 6FOD(11) + 2% with (A) 20 wt%; (B) 25 wt%; (C)
30 wt%; and (D) 35 wt% of NH2-MIL-53(Al).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 SEM micrograph of 6FOD(11) + 2% with 15 wt% MIL-53(Al).
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the alveoli are not observed in the SEM image of 6FOD(11) +
2%-M-15% membrane (Fig. 6). This means the adhesion inter-
action between non-functionalized MIL-53(Al) ller and
6FOD(11) + 2% co-polyimide is not very strong. From perme-
ability data, it was deduced that some nano-size voids between
the MOF particles and polymer phase would be present.
Unfortunately, such voids could not be found in the SEM
pictures.

4.2.2 TGA-DTG. In the case of MMMs, the temperatures to
reach 5% (Td5%) and 10% (Td10%) weight loss in TGA tests are
usually reported to characterize the membrane's thermal
stability. DTG curves also give information on the pyrolysis
rates.37 As listed in Table 2, the Td5% values of all MMMs are
above 445 �C. These Td5% values of MMMs made with non-
functionalized MIL-53(Al) crystals were almost similar to those
of all neat polymers. Interestingly, for all MMMs containing
amino-functionalized NH2-MIL-53(Al) llers, Td5% and Td10%
values were decreased with increasing NH2-MIL-53(Al) loading.
Table 2 TGA-DTG temperature characters of all studied MMMs

Membranea fd (%) Td5% (�C)

Matrimid 5218 0 474
Matrimid-M-15% 12.4 478
Matrimid-NH2-M-15% 15.5 472
Ultem 1000 0 481
Ultem-M-15% 15.1 482
Ultem-NH2-M-15% 13.2 482
6FOD(11) 0 488
6FOD(11)-M-25% 17.9 486
6FOD(11)-NH2-M-15% 9.5 476
6FOD(11)-NH2-M-20% 23.6 461
6FOD(11)-NH2-M-25% 24.9 471
6FOD(14) 0 489
6FOD(14)-M-25% 25.85 490
6FOD(14)-NH2-M-10% 4.43 465
6FOD(14)-NH2-M-15% 16.54 449
6FOD(11) + 2% 0 488
6FOD(11) + 2%-M-25% 27.4 489
6FOD(11) + 2%-NH2-M-15% 16.5 475
6FOD(11) + 2%-NH2-M-20% 21.0 472
6FOD(11) + 2%-NH2-M-25% 24.3 469
6FOD(11) + 2%-NH2-M-30% 29.7 453
6FOD(11) + 2%-NH2-M-32% 31.7 450
6FOD(11) + 2%-NH2-M-35% 36.6 445

a 6FOD(11): pure 6FDA-ODA-DAM(1 : 1); 6FOD(14): pure 6FDA-ODA-DAM(1
MIL-53(Al); and n%: wt% MOF loading.

This journal is ª The Royal Society of Chemistry 2013
For example, i.e. 6FOD(11) + 2%-NH2-M MMM series, Td5%
values were decreased from 475 �C to 445 �C, while Td10% values
were decreased from 501 �C to 483 �C, as the NH2-MIL-53(Al)
loading was varied from 15 to 35 wt%.

The thermal stability of the polyimide-MOF MMMs con-
taining NH2-MIL-53(Al) is therefore considered sufficient for gas
separation applications.38 For example, the highest temperature
used in hydrogen separation is in the range 300–500 �C. For
natural gas, the gas pressure is rather high (excess of 1000 psi)
and the gas temperature is in the order of 30–50 �C. In our
results, all the TGA curves showed a plateau at temperatures
below 400 �C, indicating no remnant hydroxyl groups (Fig. 7).
DTG plots of the neat 6FOD(11) + 2% membrane showed two
peaks. The rst one is around 520–540 �C, while the second one
is around 560–580 �C. Commercial Matrimid 5218 and Ultem
1000 polyimide membranes have higher second decomposition
temperature (600–720 �C). At this second temperature, most
chemical decomposition reactions of materials already took
place. These weight losses are mostly due to conversion of
carbonyl groups (C]O) to either CO or CO2.39 There was no
residual absorbed solvent or hydroxyl group, which would have
yielded low decomposition temperatures (100–250 �C).

4.2.3 ATR-FT-IR. The chemical groups of NH2-MIL-53(Al)
and MIL-53(Al) connected with neat polymer matrix during the
fabrication of MMMs were monitored by ATR-FT-IR (Fig. 8 and
9). Fig. 8 shows the ATR-FT-IR spectra over the lower frequency
range (800–2200 cm�1). For the neat 6FOD(11) + 2%membrane,
four major absorption peaks were found at 1780 cm�1 (asym-
metric stretching of the carbonyl group in the ve-member ring,
Td10% (�C)
DTG peak 1
(�C)

DTG peak 2
(�C)

508 511 720
498 500 600
499 491 646
528 521 671
497 500 620
508 500 623
508 529 583
507 529 572
503 535 587
492 517 578
499 516 597
508 523 590
508 529 571
497 517 570
485 519 563
508 — 580
512 537 584
501 523 570
499 519 556
497 520 555
490 521 566
487 520 560
483 523 571

: 4); 6FOD(11) + 2%: 6FDA-ODA-DAM(1 : 1) containing 2% APTMDS; M:

RSC Adv., 2013, 3, 24266–24279 | 24271
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Fig. 7 TGA-DTG curves: TGA (A) and DTG (B) of 6FOD(11) + 2% and their MMMs
(all DTG curves are shifted upward by 1.5, 2.0, 2.5%/�C, respectively, except
6FOD(11) + 2%).
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imide II band), 1720 cm�1 (symmetric stretching of the carbonyl
group, imide I band), 1377 cm�1 (C–N stretching), and
1117 cm�1 (imide III band), that conrm the successful chem-
ical imidization during the preparation of the 6FDA-ODA-DAM
membrane. For amino-functionalized NH2-MIL-53(Al) solids,
Fig. 8 ATR-FTIR spectra between 800 and 2200 cm�1 for NH2-MIL-53(Al),
6FOD(11) + 2% and their MMMs (all spectra are shifted upward by 2.5, 5.0, and
7.5%, respectively, except NH2-MIL-53(Al)).

24272 | RSC Adv., 2013, 3, 24266–24279
there are two peaks located at 1600 and 1505 cm�1, which are
attributed to CO2 asymmetric stretching vibration, and a peak at
1410 cm�1, corresponding to CO2 symmetric stretching vibra-
tion (Fig. 8). These three peaks were also observed in the ATR-
FT-IR spectrum of 6FDA(11) + 2%-NH2-M-25% membrane
slightly shied to lower or higher adsorption frequency (1570–
1595, 1500–1506, and 1410–1420 cm�1). This shi is associated
with the interaction between amino-functional and carboxyl
groups. The absorption peak at 1690 cm�1 is attributed to free
terephthalic acidmolecules in powders, which are encapsulated
within their pores in the protonated form (–CO2H).40

Fig. 9 shows the ATR-FT-IR spectra of the series of 6FOD(11)
+ 2%-MOF MMMs, compared to those of non- and amino-
functionalized MIL-53(Al) crystals, over the higher frequency
range (3200–3200 cm�1). The peaks at 3500 and 3397/3385 cm�1

are attributed to the NH2 group as well as the free amino-ter-
ephthalic acid in the pores.23 As can be seen in Fig. 9, both peaks
are observed in the ATR-FT-IR spectra of the 6FOD(11) + 2%-
NH2-M-15% and 6FOD(11) + 2%-NH2-M-25% MMMs, with a
slightly shi to higher frequency. The corresponding upward
shoulder in the 3500 cm�1 peak is due to hydrogen bonding
interaction of the amine group with remnant carboxylic acid
groups of the neat polyimide. For 6FOD(11) + 2% and 6FOD(11)
+ 2%-M-25% membranes, only a peak, corresponding to NH2

groups in the cross-linking agent and in the diamine moiety,
was observed.

4.2.4 Dynamic mechanical analysis. DMA testing is a
versatile and sensitive technique enabling the complete
Fig. 9 ATR-FTIR spectra between 3200 and 3700 cm�1 for (a) MIL-53(Al); (b)
6FOD(11) + 2%-M-25%; (c) 6FOD(11) + 2%; (d) 6FOD(11) + 2%-NH2-M-15%; (e)
6FOD(11) + 2%-NH2-M-25%; and (f) NH2-MIL-53(Al) membranes (all spectra are
shifted upward by 25, 50, 75, 100, and 125%, respectively, except NH2-MIL-
53(Al)).

This journal is ª The Royal Society of Chemistry 2013
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exploration of the relaxation mechanisms in viscoelastic mate-
rials.41,42 Themost common use of DMA is for the determination
of the glass-transition temperature (Tg), where the maximum
loss of applied energy is observed, usually as a peak, in the
traces of the loss factor versus temperature.16,17,24 Young's
modulus is obtained from the slope of stress–strain curves at
low deformation (linear elastic) and represents the rigidity of
materials (Fig. 10).

Table 3 summarizes the glass transition temperature and
Young's modulus of 6FOD(11) + 2% polyimide, 6FOD(11) +
2%-M-25% and 6FOD(11) + 2%-NH2-M-n% MMMs. Neat
6FOD(11) + 2% membrane has both aromatic groups in the
main chain and cross-linking agent, which reduces dramatically
rotation, and therefore yields a higher Tg value (315 �C).
Comparing to the neat 6FOD(11) + 2% membrane (Table 3), the
Tg values of MMMs were slightly increased (only 1–3 �C) with
increasing MOF loading (from 15 to 30 wt%), indicating a fair
interfacial contact between polyimide and MIL-53 crystals. This
increase might be explained due to the presence of MOFs,
which can restrict the movement of the polymer chains by the
interaction with their amino-functional groups. The Tg values of
most MMMs were similar, and higher (except for the membrane
without amine functional group, i.e. 6FOD(11) + 2%-M-25%)
Table 3 Tg and Young's modulus values of 6FOD(11) + 2%, 6FOD(11) + 2%-M-
25% and 6FOD(11) + 2%-NH2-M-n% membranes

Membrane Tg (�C)
Young's modulus
(GPa)

6FOD(11) + 2% 315 1.22
6FOD(11) + 2%-M-25% 313 2.37
6FOD(11) + 2%-NH2-M-15% 315 1.82
6FOD(11) + 2%-NH2-M-20% 316 2.35
6FOD(11) + 2%-NH2-M-25% 317 2.52
6FOD(11) + 2%-NH2-M-30% 318 3.09
6FOD(11) + 2%-NH2-M-32% 317 3.20
6FOD(11) + 2%-NH2-M-35% 316 3.42

Fig. 10 Young’s modulus as a function of temperature.

This journal is ª The Royal Society of Chemistry 2013
than that of the neat polyimide membrane. Interestingly, the
6FOD(11) + 2%-M-25%membrane showed a lower Tg value than
that of the neat polymer. This may be due to bad particle spatial
distribution (see Fig. 6). It seems that higher Tg value uponMOF
introduction into the membrane reects an effective polymer–
particle interaction associated with the quality of the interface.
Moreover, Young's modulus values of MMM membranes were
increased with increasing MOF loading (Fig. 10 and Table 3).
4.3 Gas transport properties

4.3.1 CO2/CH4 separation performance of commercial
polymer-MOF MMMs. The membrane performance of
commercial polymer-MOF MMMs, i.e. permeability, ideal
selectivity and separation factor, for pure CO2 and CH4 gases,
and their blends (50/50 CO2/CH4) were measured at 35 �C and
150 psi (Table 4). For Matrimid 5218 polymer, the MMMs con-
taining MIL-53(Al) and NH2-MIL-53(Al) showed high perme-
ability for both gases and relatively low selectivity. The reason is
different in the two cases. For MMMs containing non-func-
tionalized ller, due to the MIL-53(Al) pore size (7–8 Å) being
much larger than the kinetic diameters of CH4 (3.8 Å) and CO2

(3.3 Å), both gases can pass through the pore. On the other
hand, the membranes containing NH2-MIL-53(Al) showed
signicantly lower selectivity compared to not only neat poly-
mer but also the one containing MIL-53(Al), which can be
explained by the presence of non-selective voids at interface
between polyimide and MOF particle phases (Fig. 3).

Comparing the property of Matrimid 5218 and Ultem 1000
polymers, Ultem 1000 is soer and more exible than Matrimid
5218. For example, 2.9 and 3.3 GPa in Tensile Modulus;
48.6 and 80% in Tensile Elongation at Break; 2.8 � 10�5 and
1.7 � 10�5 in. per in. per �C in coefficient of linear thermal
expansion; and 320 and 215 �C in Tg, respectively. Ultem 1000
has better compatibility with MOF crystals and its MMMs have
better separation performance. Therefore, the Ultem-MOF
MMMs have higher permeability and selectivity compared to
the neat membrane. Due to their low permeability, theseMMMs
are, however, still not t for industrial application.

4.3.2 CO2/CH4 separation performance of co-polyimide-
MOF MMMs. As mentioned above, 1,3,5-trimethyl-2,6-phenyl-
enediamine (DAM) co-polymerized with ODA can improve CO2

permeability of MMMs.29 In this study, two co-polyimides with
different ODA : DAMmolar ratios were synthesized and used as
polymer matrices for co-polyimide-MOF MMMs. The CO2/CH4

separation performance of neat and their co-polyimide-MOF
membranes is summarized in Table 5. Interestingly, both neat
co-polyimide and co-polyimide-MOF membranes showed
higher CO2 permeability for both gases compared to neat
Matrimid 5218 and Ultem 1000 as well as their polymer-MOF
MMMs, while CH4 permeability was lower. The co-polyimide
with ODA:DAM ¼ 1 : 4 possessed both higher values of CO2 and
CH4 permeability compared to those of the one with ODA : DAM
¼ 1 : 1. The change of PCO2

/PCH4
ideal selectivity is, however, not

pronounced. Note that, due to the weak compatibility between
these co-polyimides and dispersed NH2-MIL-53 particles, the
maximum value of MOF loading was up to 22 wt%. The MOF
RSC Adv., 2013, 3, 24266–24279 | 24273
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Table 5 Gas permeability (Barrer), ideal selectivity, and 50/50 CO2–CH4 mixed gas selectivity of 6FOD(11) and 6FOD(14) co-polyimides and their MMMs with non- and
amino-functionalized MIL-53(Al) at 35 �C and 150 psi

Membrane PCO2
(Barrer) PCH4

(Barrer) PCO2
/PCH4

(50/50) CO2/CH4 mixed
gas selectivity

6FOD(11) 54.1 2.3 23.5 23.6
6FODA(11)-M-20% 61.5 4.8 12.5 13.0
6FODA(11)-NH2-M-10% 51.2 1.8 34.1 31.8
6FODA(11)-NH2-M-20% 52.6 3.4 15.1 13.1
6FODA(11)-NH2-M-22% 50.0 4.8 12.5 12.5
6FOD(14) 130 6.4 23.2 23.6
6FODA(14)-M-25% 123 6.9 18.1 19.1
6FODA(14)-NH2-M-10% 112 4.5 25.8 23.5
6FODA(14)-NH2-M-15% 113 4.0 28.2 28.5
6FODA(14)-NH2-M-20% 115 8.2 14.1 14.3

Table 4 Gas permeability (Barrer), ideal selectivity, and 50/50 CO2–CH4 mixed gas selectivity of Matrimid 5218, Ultem 1000 membranes and their MMMs with non-
and amino-functionalized MIL-53(Al) at 35 �C and 150 psi

Membrane PCO2
(Barrer) PCH4

(Barrer) PCO2
/PCH4

(50/50) CO2/CH4 mixed
gas selectivity

Matrimid 5218 6.2 0.2 31 28.5
M-MIL-53-15% 6.7 0.71 9.4 8.5
M-MIL-53-NH2-15% 9.2 4.4 2.1 2.1
Ultem 1000 1.46 0.037 39.5 31.6
U-MIL-53-15% 1.77 0.041 43.1 42.8
U-MIL-53-NH2-15% 3.0 0.083 36.2 36.1
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powders have very low density, i.e. 0.4 g cm�3, while co-poly-
imide density is 1.4 g cm�3. Moreover, MMMs with non-func-
tionalized MIL-53(Al) showed an improvement in CH4

permeability, resulting in a decrease in PCO2
/PCH4

ideal selec-
tivity and (50/50%) CO2–CH4 mixed gas selectivity, due to the
presence of nano-voids at the interfacial contact between MIL-
53(Al) particles and co-polyimides (see Fig. 6).

Avoiding the presence of these nano-voids, APTMDS was
used as a cross-linking or a comptabilizing agent to improve
interfacial contact between the two phases. As can be seen in
Table 6, a signicant improvement in CO2 permeability was
observed for all cross-linking co-polyimide-MOF MMMs,
resulting in higher PCO2

/PCH4
ideal selectivity and separation

factor. The 6FOD(11) + 2%-NH2-M-30% membrane showed the
best permeation results. As shown in Fig. 11, CO2 permeability
was increased with increasing amino-functionalized MOF
Table 6 Gas permeability (Barrer), ideal selectivity, and 50/50 CO2–CH4 mixed gas
functionalized MIL-53(Al) at 35 �C and 150 psi

Membrane PCO2
(Barrer) PCH

6FOD(11) + 2% 32.2 1.7
6FOD(11) + 2%-M-15% 76.4 9.1
6FOD(11) + 2%-NH2-M-15% 49.9 2.4
6FOD(11) + 2%-NH2-M-20% 52.3 2.1
6FOD(11) + 2%-NH2-M-25% 55.1 1.8
6FOD(11) + 2%-NH2-M-30% 58.5 1.6
6FOD(11) + 2%-NH2-M-32% 60.8 2.1
6FOD(11) + 2%-NH2-M-35% 65.8 2.4

24274 | RSC Adv., 2013, 3, 24266–24279
loading, and reached a maximum value at MOF loading of 30 wt
% and then decreased, whereas CH4 permeability was almost
constant. In this study, a value of 30 wt% was found as an
optimal MOF loading for 6FOD(11) + 2%-NH2-MOF MMM
series. An optimal NH2-MIL-53(Al) loading of 25 wt% was
reported for polysulfone-NH2-MIL-53 MMMs.23

4.3.3 Effect of feed pressure. As mentioned in previous
reports,23,24 amino-functionalized MIL-53(Al) exhibits a
breathing effect at higher CO2 feed pressures. This effect was
also observed in the case of co-polyimide + 2%-MOF MMMs, in
which NH2-MIL-53(Al) crystals were used as the dispersed ller.
Fig. 12A shows a comparison between separation factor of neat
6FOD(11) + 2% co-polyimide membrane and their MMMs with
25 and 30 wt% NH2-MIL-53(Al) loading as a function of feed
pressure for gas blend (CO2 : CH4 ¼ 50 : 50). The separation
factor of pure 6FOD(11) membrane decreased with increasing
selectivity of 6FOD(11) + 2% membrane and their MMMs with non- and amino-

4
(Barrer) PCO2

/PCH4

(50/50) CO2/CH4 mixed
gas selectivity

18.9 20.2
8.9 8.8

20.8 20.0
24.9 21.2
30.6 29.7
36.6 33.9
29.0 27.1
27.4 26.6

This journal is ª The Royal Society of Chemistry 2013
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Fig. 12 Comparison between (A) separation factor and (B) CO2 permeability of
neat polyimide and co-polyimide-MOF MMMs for gas blends. The lines are
general trends.

Fig. 13 CO2 and CH4 permeability and ideal selectivity of 6FOD(11) + 2%-NH2-
M-30% membrane as a function of temperature. The lines are general trends.

Fig. 11 CO2 and CH4 permeabilities, ideal selectivity (PCO2
/PCH4

) and separation
factor (a*) for CO2 : CH4 ¼ 50 : 50 as a function of NH2-MIL-53(Al) loading at
308K and 150 psi for 6FOD(11) + 2%-MOF MMMs.
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feed pressure as reported in the literature.28,43,44Remarkably, the
separation factors of both MMMs containing different MOF
loadings were keep constant with increasing feed pressure from
50 psi up to 600 psi. Moreover, the CO2 permeability was
decreased with increasing feed pressure for both neat polymer
matrix and co-polyimide-MOF MMMs (Fig. 12B).

In the literature, the adsorption isotherm of CO2 has been
reaching a rst plateau at �2.3 mmol g�1 under feed pressure
below <12 bar (175 psi), and a drastic increase in the amount
adsorbed occurs at 30 �C under higher pressures of 13–20 bar
for amino-functionalized MIL-53(Al).23,24 Contrary to our
previous observation, a strong increase in CO2/CH4 separation
factor has been not found under the same feed pressure range.24

It is considered that this result is combining two effects,
including a decrease by neat polymer membrane and an
improvement by amino-functionalized MIL-53 with increasing
feed pressure. Nevertheless, this constant in separation factor is
of interest for industrial applications and defence against
plasticization.

4.3.4 Effect of operation temperature. As showed in Fig. 13,
CO2 and CH4 permeabilities of co-polyimide-MOF MMMs were
increased whereas ideal selectivity was substantially decreased
with increasing temperature. The average diffusion coefficient
is a kinetic property related to the amount of energy necessary
for the penetrant to execute a diffusive jump through a polymer
matrix and an intrinsic degree of segmental packing. Within a
temperature range without any signicant thermal transitions
of the polymer matrix, temperature dependence of the diffusion
coefficients typically increases appreciably with increasing
temperature. Larger molecules such as CH4 have more limited
opportunities for executing jumps at low temperature. There-
fore, both diffusivities were increased, which leads to increasing
permeability and decreasing selectivity with increasing
temperature. This trend is the same as the one for neat poly-
imide membrane.28

4.3.5 Effect of gas composition. Since the practical gas
streams can have a CO2 content varying from 10–85%, the effect
of the gas composition on the CO2/CH4 separation should be
investigated. In this work, the separation of CO2–CH4 mixtures
This journal is ª The Royal Society of Chemistry 2013
with CO2mole fraction ranging from 0 to 100%was investigated
with experiments under pressure of 150 psi for the 6FOD(11) +
2%-NH2-M-30% membrane. Fig. 14 shows the measured
average values of CO2/CH4 separation factor (calculated using
RSC Adv., 2013, 3, 24266–24279 | 24275
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Fig. 14 Separation factor, permeability of CO2 and CH4 in gas blends as a
function of CO2 mole fraction in feed.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
7 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 1

1:
23

:3
8 

A
M

. 
View Article Online
eqn (8)) as well as the calculated CO2 and CH4 permeability
(calculated using eqn (9)) as a function of CO2 mole fraction in
the feed at 35 �C and 150 psi. A variation of permeability
between the pure gas and gas mixture has always been observed
because the transport of a component in the mixture is signif-
icantly affected by the presence of other components.45 Hence,
CO2 permeability was lowered by the presence of methane. On
the other hand, the presence of CO2 increases CH4 permeability.
As a result, the separation factor for gas blends was lower than
that for neat gases. A similar behaviour was also reported in the
Table 7 Best fit of the lI (nm), Pd and b parameters in the Maxwell model and the
modified Maxwell model for the series of 6FOD(11) + 2%-MOF MMMs

Parameter Pd (Barrer) lI (nm) b %AARE

Maxwell 90 — — 2.5
Modied Maxwell 91 15 1.2 2.0

Table 8 Comparison of the gas performance predicted by the Maxwell model and
through the series of 6FOD(11) + 2%-MOF MMMs

Membrane
fd

(vol%)
PCH4

exp

(Barrer)

PCO2
(Barrer)

Experimental Maxwell

6FOD(11) + 2% 0 1.7 32.2 —
6FOD(11) + 2%-NH2-M-15% 0.38 2.4 49.9 48.2
6FOD(11) + 2%-NH2-M-20% 0.47 2.1 52.3 52.8
6FOD(11) + 2%-NH2-M-25% 0.54 1.8 55.1 56.7
6FOD(11) + 2%-NH2-M-30% 0.6 1.6 58.5 60.2
6FOD(11) + 2%-NH2-M-32% 0.63 2.1 60.8 62.0
6FOD(11) + 2%-NH2-M-35% 0.66 2.4 65.8 63.9
NH2-MIL-53(Al) 1 3.5a — 90.0

a Predicted using the Maxwell model, rd ¼ 75 (nm), lI ¼ 15 (nm), fs ¼ 0.8

24276 | RSC Adv., 2013, 3, 24266–24279
literature.46,47 The separation factor of MMMs shows the same
trend as the pure polyimide membrane.28,48 At CO2 feed
concentration lower than 50%, separation factor was increased
with CO2 feed concentration. Above this value, the separation
factor decreased with increasing CO2 feed concentration.
4.4. Modeling of MMMs

As mentioned above, the MMMs combining amino-functional-
ized MIL-53(Al) and 6FDA-ODA-DAM(1 : 1) cross-linked with 2%
APTMDS co-polyimide showed an improvement in both
permeability and separation factor. In order to quantitatively
estimate the CO2/CH4 separation performance of these MMMs,
the classical Maxwell model as expressed by eqn (3) was rstly
applied. The CO2 and CH4 permeabilities of pure MIL-53
membranes cannot, however, be found from the literature. To
solve this problem, the CO2 and CH4 permeabilities of NH2-
MIL-53 ller should be adjustable parameters and optimized by
minimizing the differences between experimental data and the
corresponding calculated ones. This difference, namely the
average absolute relative errors (%AARE), is expressed as
follows:

%AARE ¼ 100

NDP

XNDP

i¼1

����P
cal
i � P

exp
i

P
exp
i

���� (10)

where, NDP is the number of data points. Pcali and Pexpi are the
calculated and experimental permeabilites, respectively. The
optimized parameter is chosen to best t the experimental data
according to the minimized %AARE.

These MMMs are almost uniform owing to a good compat-
ibility between the NH2-MIL-53(Al) ller and the co-polyimide.
Therefore, the effect of some hypothetical nano-size voids could
be neglected (see Fig. 5). The average radius of NH2-MIL-53
particles (rd) is assumed to be 75 nm. As listed in Table 8, the
CO2 and CH4 permeabilities of 6FOD(1 : 1) + 2% co-polyimide
are 32.2 and 1.7 Barrer, respectively. The CO2 permeability was
generally increased with increasing amino-functionalized
MIL-53 loading (fd), whereas for CH4 gas, the permeability does
not follow a particular trend. Then, in this section, only CO2

permeation data will be used in model estimation.
the modified Maxwell model with the experimental data of CO2/CH4 permeation

PCO2
/PCH4

%ARE

Modied
Maxwell Experimental Maxwell

Modied
Maxwell Maxwell

Modied
Maxwell

— 18.9 — — — —
47.6 20.8 20.1 19.8 3.4 4.5
52.0 24.9 25.2 24.8 1.0 0.5
55.7 30.6 31.5 31.0 2.9 1.1
59.1 36.6 37.6 36.9 2.9 1.0
60.8 29.0 29.5 29.0 2.0 0.0
62.6 27.4 26.6 26.1 2.9 4.9
91.0 — 25.7 26.0 — —

3, b ¼ 1.2.

This journal is ª The Royal Society of Chemistry 2013
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The predicted values of CO2 permeability and CO2/CH4

selectivity obtained by the Maxwell model are listed in Table 7
and 8 and plotted in Fig. 15 and 16. A good agreement between
experimental data and predictions was observed with a rela-
tively low value of %AARE (�2.5%). As mentioned in the review
of Vinh-Thang and Kaliaguine,30 a best t between experimental
data and predictions from the classical Maxwell model is a
criterion to conclude that there is an ideal contact between
polymer matrix and dispersed ller at the interphase. In this
study, this good contact can be attributed to the presence of the
amino-functionalized group in MIL-53 framework. The slight
discrepancy, which can be seen in Fig. 15 and 16, may be
attributed to the polymer chain rigidication effect. As listed in
Table 3, Young's modulus values, which are related to the
membrane rigidity, were different depending on MOF loading.
Fig. 15 Comparison of CO2 permeability of 6FOD(11) + 2%-NH2-MIL-53(Al)
MMMs between experimental data and predictions from the Maxwell model and
the modified Maxwell model. The optimized CH4 permeability of pure NH2-MIL-
53(Al) is predicted by the Maxwell model.

Fig. 16 Comparison of CO2/CH4 ideal selectivity of 6FOD(11) + 2%-NH2-MIL-
53(Al) MMMs between experimental data and predictions from the Maxwell
model and the modified Maxwell model.

This journal is ª The Royal Society of Chemistry 2013
Therefore, the modied Maxwell model expressed by eqn (4)–(6)
was used in order to evaluate the polymer chain rigidication
effect on the CO2/CH4 separation performance of co-polyimide-
MIL-53 MMMs. In this case, there are four dependent variables:
CO2 permeability of NH2-MIL-53(Al) (Pd); interphase thickness
(lI); polymer chain rigidication factor (b); and volume fraction
of NH2-MIL-53(Al) ller (fd). All MMMs lled with different
NH2-MIL-53(Al) loadings are assumed to have the same inter-
face thickness (lI) and polymer chain rigidication factor (b).
Similar to the Maxwell model, the minimized %AARE value was
used to obtain optimized values of the four parameters. The
modeling results are also listed in Table 7 and 8 and illustrated
in Fig. 15 and 16 to compare with those obtained from the
Maxwell model. As expected, a better consistent prediction with
experimental data was observed (%AARE � 2.0%).

From Table 7, the optimized interphase thickness (lI) value is
15 nm, corresponding to a value of volume fraction of dispersed
ller in the interphase (fs) of 0.83 (eqn (5)). Such a high fs value
was also calculated from the values reported by Vu et al.8 for a
CMS-Matrimid MMM having CMS particles of 1 mm and rigid-
ied layer thickness of 0.075 mm as established from SEM
pictures. Gheimasi et al.49 tting the same data by different
models (including the classical Maxwell and the modied
Maxwell model) made the arbitrary assumption of a lower fs

value of 0.66.
Regarding the b factor, which is related to a reduction in

permeability of polymer under polymer chain rigidication
effect, the modeling optimized value (b ¼ 1.2) is slightly higher
than that (b ¼ 1.09) reported by Gheimasi et al.49 for CO2/CH4

permeation through CMS-Matrimid MMMs.19 It can be
explained by the different CO2 transport behaviours of Matri-
mid and 6FDA-ODA-DAM(1 : 1) cross-linked with 2% APTMDS
polymers.
RSC Adv., 2013, 3, 24266–24279 | 24277
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5 Conclusions

In this study, nano-size (100–150 nm) non- and amino-func-
tionalized MIL-53(Al) crystals MOFs were synthesized with
narrow particle size distribution. A comparison between parti-
cles of NH2-MIL-53(Al) and MIL-53(Al) mixed with two
commercial polymers, (Matrimid 5218 and Ultem 1000), and
with two synthesized co-polyimides (6FDA-ODA-DAM(1 : 1) and
(1 : 4)) and one cross-linked co-polyimide (6FOD(11) + 2% agent
cross-linking APTMDS) was performed. The cross-linked co-
polyimide showed excellent adhesion with the NH2-MIL-53(Al)
particles in MMMs. The cross-linking agent also acts as a
compatibilizing agent to improve coherence between the two
phases. For this reason, high MOF ller loading (up to 35 wt%)
were possible due to hydrogen bonding interaction between the
MOF particles and the polymer matrix. MMMs containing 30 wt
% of NH2-MIL-53(Al) particles displayed relatively high both
CO2 permeability and ideal selectivity. Interestingly, the MMMs
made from such “breathing” MOF particles and co-polyimides
have shown stable CO2/CH4 separation factor under increasing
pressure. This is a signicant property for industrial
application.

An excellent agreement between the experimental data and
the predictions by both the Maxwell model and the modied
Maxwell model was reported. The predictions by the modied
Maxwell model are more consistent with the experimental data
than those predicted by the Maxwell model, due to their taking
into account the polymer chain rigidication effect on the CO2

permeation through co-polyimide-MOF MMMs. A computa-
tional optimizing process was proposed for both the Maxwell
model and the modied Maxwell model, in order to estimate
simultaneously three unknown variables, i.e. gas permeability
of dispersed ller (Pd); interphase thickness (lI); polymer chain
rigidication factor (b). The effect of particle pore blockage and
interfacial voids is, however, not discussed here and will be
examined in the future.

The modeling results have shown that an approximately
ideal morphology was reached when preparing MMMs con-
taining amino-functionalized NH2-MIL-53(Al) particles
dispersed in 6FDA-ODA-DAM(1 : 1) cross-linked with 2%
APTMDS co-polyimide. The improvement in both permeability
and ideal selectivity values of co-polyimide-NH2-MIL-53(Al)
MMMs, combined with the satisfactory mechanical properties,
even at high MOF loading (up to 35 wt%), gives these MMMs a
promising potential in gas-mixture separation application at
industrial scale.
Nomenclature
Average absolute relative error (%)
24278 | RSC Adv., 2013, 3, 24266–24279
%AARE

Absolute relative error (%)
 %ARE

Rigidied layer thickness (nm)
 lI

Number of data points
 NDP

Permeability (Barrer)
 P

Effective permeability (Barrer)
 Peff

Particle radius (nm)
 rd
Membrane thickness (cm)
This journal is ª The Royal Society of Chemi
l

Upstream pressure (psi)
 Dp

Downstream volume (cm3)
 V

Universal gas constant (cm3 cmHg mol�1 K�1)
 R

Absolute temperature (K)
 T

Permeation rate (psi s�1)
 dp/dt
Greek letters
Polymer chain rigidication factor
 b
Volume fraction
 f
Separation factor
 a*AB
Superscripts
Experimental
 exp

Calculated
 cal
Subscripts
Related to the pseudo-dispersed phase
 ps

Related to the interfacial phase
 I

Related to the dispersed phase
 d

Related to the continuous phase or polymer matrix
 c
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