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ABSTRACT

A Mixed Matrix Membrane (MMM) was developed for improving O,/N, selectivity by using a polyimide
covalent organic framework (PI-COF) as filler. The PI-COF powder was synthesized by heating melamine and
3,3’ 4,4 -biphenyl tetracarboxylic dianhydride (BPDA) at 200°C through solvothermal reaction. The structure of PI-
COF was characterized by FTIR, SEM, and XRD. Commercial P84 polyimide membrane blended with the PI.COF
afforded a larger permeability of N, than that of O,. At 0.1 MPa, N, and O, had the permeability of 466 and 219
barrer, respectively, and the ideal gas selectivity of 2.13 was achieved at the loading 20% PI-COF. Through this mixed
matrix membrane prepared from simple synthesis and low cost of the starting materials, it provided an alternative
polyimide COF as filler to oxygen-enriched air for commercial uses.
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INTRODUCTION

In the high energy-consumption industries, such as metallurgy,
polycrystalline silicon, and petroleum refining, we have no choice
but to elevate energy efficiency because of a global oil shortage.
Enriched oxygen instead of air is an effective way of reducing
energy consumption in the fuel combustion system [1]. Only
pumping excess air into the combustion system could not solve
the problem as the heat energy would be wasted by taking away
through the increased exhaust gas flow. For the utilization of
pure oxygen, the cost for preparation and storage become a severe
economic burden. When the oxygen is enriched in the range of
25-30 wt%, the quantity of NO_ in the emission after fuel burning
could be cut down significantly and the burning strength, speed
up the burning rate, increase the flame temperature and heat
utilization could also be enhanced [2-4]. In a natural gas furnace
at the temperature of 1648°C, around 32% of natural gas could
be saved when the oxygen concentration in the air reached 30%
[5]. Therefore, the low-grade fuel could be used in the kilns and
furnaces instead of high-quality one using the oxygen-enriched air.

For example, the lignite coal with enriched oxygen (26.7 wt%) have
the same flame temperature with the heavy oil burning in ordinary
air. Therefore, it is much attractive to find an economical way to
prepare the oxygen-enriched air for fuel combustion.

To achieve the oxygen-enriched air, the membrane enrichment
process shows the advantages of the low requirement to the
equipment, easy operation, and unrestricted scale-up, compared
to traditional pressure swing adsorption and deep cooling process.
Membranes for oxygen enrichment have been actively investigated
and both inorganic and organic materials have been applied to get
better enrichment performance [6,7]. As inorganic membranes are
high cost and harsh to process and install, the organic membranes
are widely accepted by the industry [8]. The greatest challenge for
gas membrane enrichment is the compromise between permeability
and selectivity. As Robson mentioned in his work, among the
polymeric membranes, Mixed Matrix Membrane (MMM) had
the highest upper bound in the plot of log permeability versus log
selectivity, which was located closest to the commercial application
area [9]. To further enhance the both selectivity and permeability
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in gas separation, various types of fillers, such as porous zeolites
[10], carbon nanotubes [11], carbon sieve [12] and halloysite
nanotubes [13], have been incorporated into the polymer matrix to
disorder the molecule chain arrangement and finally increase the
gas permeability.

Recently, the Covalent Organic Frameworks (COF) with
controllable porous structure and tunable organic groups become
the potential candidates for MMM preparation [14-17]. The covalent
bonds between monomers in the framework gave COFs higher
thermal and chemical stability [16,18]. Due to their uniform porous
structure and adjustable functional groups, these COFs attracted
attention in gas membrane enrichment. In Gascon’s group, the
selectivity for CO,/N, could reach 35 using an azine-linked COF
as filler in a Matrimid-based MMM, while the permeability is 17.7
barrer [15]. The permeability of 14.8 barrer was also reported using
TpBD/polybenzimide membrane [19]. The COF-based polymeric
membranes showed excellent selectivity but low permeability. For
O,/N, separation, it is still a big challenge due to their similar
molecular dynamic diameter (0.346 nm/0.364 nm) [20-25]. Most
polymeric membranes provided the O,/N, separation efficiency
in the range of 0.9-10 [26-31]. Before enrichment, the feeding air
should be pre-compressed because it needs the energy to go through
the membrane. If the membrane prefers interception of nitrogen
molecules, the oxygen-enriched air is on the permeate side with
low pressure. So, the energy is wasted as the oxygen molecules pass
through the membrane. Conversely, if N, permeates the membrane
faster than O,, the oxygen-enriched air could be collected on the
feeding side with a certain pressure. The energy for compressing air
is saved and the pressured oxygen-enriched air could be directly fed
into the combustion system. At this point, developing a nitrogen
prior penetration membrane has a great application potential.

In this work, a PI.COF mixed P84 membrane was prepared
for O,/N, separation oxygen enrichment. The PI-COF was used as
filler due to its correct pore structure and easy synthesis. Melamine
was chosen as a cheap triamine for the preparation PI-COF by
reaction with biphenyltetracarboxylic Dianhydride (BPDA). The
COF morphology, thermal stability, and chemical structure were
characterized by field emission Scanning Electron Microscope
(SEM), Thermal Gravimetric Analysis (TGA), and Fourier
Transport Infrared Spectrometer (FT-IR). The pure gas permeability
of nitrogen and oxygen was respectively tested by the permeation
measurement equipment. The PI-COF supports us a possible way
to prepare oxygen-enriched air through nitrogen prior penetration.

EXPERIMENTAL
Materials

purchased from Tianjin Guangfu Fine
Chemical Research Institute (China). 3,3’,4,4-Biphenyl
Tetracarboxylic Diandhydride (BPDA) was obtained from
China Tech (Tianjin) Chemical Co., Ltd. Anhydrous methanol,
acetone, Dimethylacetamide (DMAC) and Dimethyl Sulfoxide
(DMSQO) was commercially available from Tianjin Benchmark
Chemical Reagent Co., Ltd. P84 (BTDA-TDI/MDI, copolyimide
of 3,3’-4,4-benzophenone tetracarboxylic dianhydride, 80 wt%
methylphenylene-diamine and 20 wt% methylene diamine) was
purchased from HP Polymer GmbH, Austria. The polymer
was dried overnight at 80°C under vacuum before use. The
as-synthesized PI-COF particles were activated under vacuum at

100°C for 12 h before use.

Melamine was
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Synthesis of PI-COF

The powders of melamine (1 g) and BPDA (5.8 g) were mixed
together before dropping into the poly (tetrafluoroethylene) inner
tank of the solvothermal reactor which contained 5 mL DMAc
inside. Then the reactor was stored in an oven for 20 h at
200°C. The PI-COF was collected after washing three times with
DMSO. The collected brownish-yellow powder was sonicated in the
methanol for 1 h. Then the powders were immersed into acetone
for another 12 h. After repeating this step for three times, the PI-
COF was dried in a vacuum oven and milled for characterization
and membrane preparation.

Membrane preparation

For membrane preparation, certain amounts of PLCOF
particles were added into a 20 wt% solution of P84 in DMAc. All
the casting solutions were stirred at room temperature overnight
to form a uniform solution. The solution was then cast onto the
clean glass slides with a 50 um casting knife at a moving speed of
2.5 cm/s. The casting solution coated slides were moved into a
vacuum oven at 80°C and dried for 24 h. The ratio ( of PI-COF in
MMMs were 10%, 20%, 30% and 40 wt% in this study (based on
equation 1).

r=Cor 4 100% (1)
mp84
Where m_ and My, ATE the mass of PI-COF and P84 in the

MMMs, respectively.
Characterization

The X-ray diffraction (XRD) was collected from a Rigaku Ultima
IVX-ray Diffractometer (40 kV and 40 mA) with Cu Ka (A=0.15406
nm) radiation at a scanning rate of 2°C/min from 2°C to 60°C.
The morphology of samples was taken with a Zeiss merlin Compact
scanning electron microscope at 5.0 kV. The samples were attached
onto conductive doublesided carbon adhesive and coated with
platinum before observation. FTIR measurements were carried out
using a Perkine Elmer 782 Fourier transform spectrophotometer.
Thermo gravimetric analysis (TGA) was performed with a TA
instruments Q500 at a heating rate of 10°C min™' under nitrogen.
The BET surface and pore size distribution of imide-linked COF
was measured via a Quantachrome NOVA4000 after degassing at
573 K for 3 hours. BET surface area was calculated over the rang
of relative linear portion of the BET plot. Pore size distribution
was calculated from the adsorption and desorption branch of the
N, adsorption isotherm using the BarrettJoyner-Halenda (BJH)
formula.

Gas permeation tests

Pure gas transport properties of the P84 membrane and the PI-
COF doped membranes were measured in the order of N, and O,
at 302.15 K and 0.1 MPa using the constant-pressure and variable-
volume method. The air in the frame cell was exhausted by feeding
gas for 10 min. While the system was at a steady state, nitrogen or
oxygen was flowed across the flat membrane surface in the frame
cell, which had an effective area of 3.0 cm?. The feeding pressure
was controlled by a backpressure valve and the permeate stream
were directly introduced into a soap bubble flow meter. Permeability
(P, barrer) was calculated as equation (2) below, according to the
average value of five tests:

o ! X273.15X&X(d_1/j @
Adp” T 76 \de
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Where A is the effective membrane area, p is the cross
membrane pressure, T is the temperature,pis the atmospheric
pressure, | is the thickness of MMM to be tested and dV/dt is the
volumetric displacement rate.

The ideal selectivity for two gases is determined as equation (3):

P,

Ny
PO2
Where PN, and PO, are the permeability of pure N, and O,,

respectively.
RESULTS AND DISCUSSION
Characterization of PI-COF

PI-COF was synthesized by heating melamine and BPDA in a
solvothermal reactor at 200°C for 20 h (Figure 1a). The powders
were washed with DMSO. After filtration, the brownish-yellow
PLCOF was washed with methanol with sonication and then
was immerged in acetone to remove the residual solvent as clear as
possible. Notably, both melamine and BPDA are planar molecules
and finally were polymerized into a porous crystalline structure.
As shown in Figure 1b, the powder XRD patterns of the as-
synthesized PI-COF have intense diffraction peaks, confirming
the existence of well crystallinity. The <001> diffraction peak at
27.2° corresponds to an interlayer distance of ~3.4 A, suggesting
a typical van der Waals contact between the aromatic layers of the
PI-COF. To the contrary, the amorphous P84 particles have broad
peaks in the XRD pattern indicating its amorphous structure. The
FLIR spectrum of PI-COF shows absorptions at 1535 cm™ and
1469 cm™, indicating the quadrant and semicircle stretching
of the triazine ring (Figure 2). The O=C-O-C=0 vibration
at 1855 and 1784 cm™ for the starting compound BPDA
decreased considerably, and the strong absorptions at 1768
and 1734 cm™ can be attributed to the newly formed O=C-N-
C=0 group of imide ring, assigning to asymmetric and symmetric
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Figure 1: (a) Schematic pathway for PLLCOF synthesis; (b) Powder XRD
patterns of PI.COF and P84.
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Figure 2: FT-IR spectra of PI.COF (black) and P84 (red).
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Figure 3: TGA curves of P84 (red) and PI-COF (black) under a nitrogen
atmosphere and heating rate of 10°C/min.

stretching vibrations, respectively. These results indicate polyimide
framework of PI-COF is formed under our conditions.

Thermal stability of PI.COF was confirmed by the thermo
gravimetric analysis (TGA) under nitrogen (Figure 3). From
PI.COF TGA curves (black), it undergoes onestep thermal
degradation processes before 336°C, which was attributed to the
evaporation of trace residue solvent and further dehydration for
imidization. The weight of PI-COF shows a rapid mass loss after
336°C, which demonstrates the thermal decomposition of triazine
ring. The polymer backbone was destroyed as triazine decomposed
quickly from 336 to 466°C. The results confirmed that the PIL.COF
displays good thermal stability, which may be attributed to the
incorporation of the structurally both triazine rings and imide

rings [32,33].

The porosity of PI-COF was measured by nitrogen sorption at
77 K. Figure 4a shows a sharp rise at high relative pressure ("P/
P =1), suggesting the meso- or macropores involved in the PLCOF.
Figure 4b shows the pore size distribution that is calculated from
nonlinear density functional theory (NLDFT), which shows one
peakat 36.2 A. As agreeing with the nitrogen adsorption-desorption
analytical curve, this pore size distribution curve confirmed that
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the uniform meso-pores present in the PLCOF. The contribution
of microporosity is only 0.77%, which is calculated by the ratio
of tPlot micropore volume (0.001019 cm?/g) over the total pore
volume (0.132292 cm3/g). The BET surface area of this PI.COF
is 103.50 m2/g due to a higher conformational flexibility of the
network by the biphenyl linker between the cross-linking melamine
units [34].

Characterization and performance of PI-COF doped membrane

Figure 5 show the SEM images of PI-COF doped MMM. As
shown in Figure 5a, when doping PI-COF in the membrane, many
bulges appeared on the surface, which implied some PI-COF
particles agglomerated in the P84 matrix. With the increase of PI-
COF loading, the aggregation becomes more significant (Figure 5a-
5h). The images of the MMMs cross section shows that P84 tightly
surrounds the PI-COF particles without voids at PI-COF loading
of 10-30 wt%. Due to the existence of unreacted NH, and COOH
groups in the PI-.COF, hydrogen bonds might be formed between
the PI-COF and P84, making the PI-COF having a good affinity
with P84 matrix. These closely embedded PI-COF could effectively
improve the gas permeability and selectivity. The cross-section
morphology showed the thickness of membrane is approximately
7-12 um with the PI-COF loading. From the SEM image of (Figure
5i), PI.COF particles were 1-2 pm and the fluffy surface could be
observed. The fluffy surface comes from inner porous structure
destruction during milling.

To evaluate the separation performance of the PI.COF doped
membrane, pure gas O, and N, were used respectively to test the
permeability of MMMs at 0.1 MPa. As shown in Table 1, the oxygen
and nitrogen permeability were obtained with 83 and 49 barrer,
respectively, when 10 wt% PI-COF was doped in the membrane.
Notably, the nitrogen permeation through MMM was higher than
the oxygen with N,/O, ideal selectivity of 1.69. When the loading
of PL.COF reached 20 wt%, the nitrogen permeability increased
to 466 barrer with the highest selectivity of 2.13. The selectivity

Table 1: Gas permeability and selectivity of PILCOF doped MMM at 0.1
MPa.

PI-COF loading (wt%) Permeability (barrer) Ideal selectivity
N, 0, a, N,/O,
0 - P .
10 83 49 1.69
20 466 219 2.13
30 519 330 1.57
40 1915 1513 1.27
300
& 250
w
_g)_
NE 200
2 L
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[e]
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&
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of N,/O, reduced to 1.57 at PLCOF 30 wt% loading. At 40
wt% loading of PILCOF, both nitrogen and oxygen had a sharply
increasing permeability with 1915 and 1513 barrer, respectively, but
N,/O, selectivity decreased to 1.27. For comparison, pristine P84
membrane without loading PI-COF gave no permeation of O, and
N, at the same conditions.

It is considered that gas transport occurring in the dense
polymeric membranes can be described by the solution diffusion
[35,36]. The pristine P84 membrane impedes
transport of O, and N, in our conditions, which suggests that
solution diffusion is limited by the structure of P84. The PI.COF
doped membranes showed good nitrogen permeability and N,/
O, selectivity. This proves that the PI—QOF particles acted as gas
channels for gas permeation. The 36.2 A mesoporosity presenting
in the PLCOF is enough for N, and O, effective permeation.
Gas transport through inorganic membranes including ceramic
and carbon membranes is more complex than that of polymeric
membranes. Basically, four mechanisms are considered as the
Knudsen diffusion, the molecular sieving, the surface diffusion and
the capillary condensation. In our case, the gas diffusion did not
follow thne order of gas molecular kinetic diameters (Oz=3‘46 A,
N,=3.64 A), which suggested that molecular sieving mechanism can
be ignored. The diffusion of N, is faster than that of O, through
the PI-COF doped membrane, and the N./O, permselectivity was
2.13, which was much higher than the Knudsen diffusion ratio
(N,/O,=1.07) [30]. Therefore, besides Knudsen diffusion, gas
permeation was also controlled by surface diffusion mechanism
due to permanent mesopores existing in the PILCOF. The surface
diffusion increases the performance of gas transport via adsorption
of gas on the inner pore surface of the COF.

Loading PI-COF ranged from 10 to 40 wt%, the permeability
of nitrogen increases from 83 barrer to 1915 barrer and the
permeability of oxygen increases from 49 barrer to 1513 barrer. The
ideal N/O, selectivity has the maximum value of 2.13, when the
PI-COF loading reached 20 wt%. As more PI-COF particles doped
in the MMM, the gas permeability was sharply increased and N/
O, selectivity decreased. The overabundance of PI-COF particles
in MMM gave rise to serious aggregation of the particles and poor
dispersion in matrix. The formation of voids in the interface
between the aggregated COF particles was observed in FESEM. In
addition, voids in the interface between P84 and PI-COF particles
would be formed as well. The existence of these voids results in
high permeability and sharply decreasing selectivity.

mechanism

Therefore, the doped PI-COF property and the loading amount
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Figure 4: (a) N2 adsorption-desorption isotherms measured at 77 K; (b) Pore size distribution curves for PI.COF.
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Figure 5: SEM images of MMMs with PI.COF particles of weight ratio from 10 to 40 wt% (a-h) and COF. Membrane surface (a, ¢, d, g) and cross section

(b, d, f, h).

play an important role in the preparation of MMM. These results
suggest that developing novel fillers with better compatibility
between both polymer matrix and permeating gas is a key point to
prepare a MMM with an excellent separation performance.

CONCLUSION

The PI-COF had been synthesized by heating melamine and
BPDA at 200°C in a solvothermal reactor. The crystalline and
porous nanostructure of the PI-COF was confirmed via powder
Xeray diffraction, FESEM and BET analysis. The meso-pores

presenting in the PI-COF particles afforded enough channels for
N, and O, permeation. As filler in MMM, the PI-COF doped P84

] Membr Sci Technol, Vol. 9 Iss. 2 No: 196

provided N, permeability of 466 barrer and N,/O, ideal selectivity
of 2.13. Nitrogen gas permeated faster through the MMM than
O,, which was associated with the surface diffusion mechanism.
The oxygen molecules were intercepted on the feeding side of
the membrane could be directly pumped into the combustion
cell to enhance the burning. The results showed a possible way to
developing new filler with simple synthesis and low cost to improve
the MMM separation for oxygen enrichment.
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