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Abstract: Three polyimides and six inorganic fillers in a form of nanometer-sized particles were
studied as thick film solution cast mixed matrix membranes (MMMs) for the transport of CO,, CHy,
and HyO. Gas transport properties and electron microscopy images indicate good polymer-filler
compatibility for all membranes. The only filler type thatdemonstrated good distribution throughout
the membrane thickness at 10 wt.% loading was BaCe(»Zr7Y0103 (BCZY). The influence of this
filler on MMM gas transport properties was studied in detail for 6FDA-6FpDA in a filler content
range from one to 20 wt.% and for Matrimid® and P84® at 10 wt.% loading. The most promising
result was obtained for Matrimid®—10 wt.% BCZY MMM, which showed improvement in CO,
and H,O permeabilities accompanied by increased CO,/CHy selectivity and high water selective
membrane at elevated temperatures without HyO/permanent gas selectivity loss.

Keywords: mixed matrix membranes; carbon dioxide; water vapor permeability; polyimides;
inorganic fillers; gas separation membranes; water transport

1. Introduction

Mixed matrix membranes (MMMs) [1,2] are considered as a very promising route to overcome
limitations of the Robeson upper bound of the permeability/selectivity relationship by combining
good mechanical, but rather disappointing gas transport properties of polymers, with excellent
diffusion and sorption properties of inorganic porous media having very poor mechanical properties,
e.g., flexibility [3].

Gas separation membranes have been on the market since 1980 [4] and have proven their
reliability [5]. Unfortunately, since the boom of membranes introduction into the market at the
end of the 20th century, not too many new membranes reached practical application level for gas
separation processes. The reason for it lays in the versatility of existing membrane technology that
allows the combination of membrane separation stages with other unit operations and to achieve goals
of the separation process [6]. New membranes introduced to the market should exhibit significantly
better properties, as compared to those already commercially available. At this point, the combination
of properties of polymers and inorganic substances able to selectively transport gas or vapor molecules
becomes very appealing [7].

The requirements for polymers to be used in membranes are: Adequate gas transport properties
(balance between permeability and selectivity), processability as a thin film, and high reproducible
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manufacturing from batch to batch. For the formation of MMMs, good adhesion between the polymer
matrix and the inorganic filler is essential, especially in case of polymers with high T, (glass transition
temperature) [8], good mechanical properties and stability of properties as a function of time.

The inorganic fillers to be used in MMMSs should have (i) particles as small as possible since
selective layers of modern polymer based gas separation membranes have a thickness of 100 nm and
less; (ii) good affinity to the polymer; and (iii) gas transport properties matching, for the target gas
in the separation process, those of the matrix polymer [9]. Several fillers have been studied in order
to be combined with a polymer matrix, i.e., zeolites, carbon mesoporous silica, and metal organic
frameworks (MOF) [10-15]. Regarding this last particular example, MOFs appear to be especially
attractive, as concerns compatibility with polymers [16]. However, rather few reported works on MMFs
with MOFs evidence an enhancement of CO, permeability and CO,/CHy selectivity, as compared to
the pure polymer membrane [17].

Depending on the compatibility of the filler and the polymer matrix, four different cases (Figure 1)
and the expected effect on the separation properties can be described [18-22]. Case 1 is an ideal
situation, where the filler is perfectly incorporated into the polymer matrix. This situation can result
in an improvement of the separation properties of the mixed matrix material. In Case 2, there is a
rigidification of the polymer matrix in the area around the filler. This normally results in an increase of
the selectivity, due to the increased rigidity, but also in a decrease of the permeability. This is normally
confirmed by an increase on the T of the MMMs. Case 3 exhibits a creation of an interphase due to the
incompatibility between the particle and the polymer matrix. This results not only in an increase of the
permeability due to the bigger fractional free volume, but also in a decrease of the selectivity. In Case 4,
the polymer matrix penetrates the pore or free volume of the filler. In this case, both permeability and
selectivity decrease.

In this work, several MMMs were studied for gas transport properties with focus on CO,, CHy
and HyO as components in various industrially relevant gas mixtures, for example, natural gas, biogas
as well as gas streams in chemical and petrochemical industries [23-26]. Biogas and natural gas are
considered as the most environmentally friendly resources for large scale electric energy production
and as sources with significant methane content, which is involved in several relevant reactions such
as combustion, steam reforming, or halogenation. For example, in Germany, natural gas contains
about 95% CHjy and not more than 2% CO, concentration in the gas pipelines [27-29]. On the other
hand, biogas is a mixture of several gases produced by the anaerobic decomposition of organic matter.
Biogas mainly consists of methane (50-70%), carbon dioxide (30-50%), and other compounds including
hydrogen sulfide (H,S), water, and other trace gas compounds [30]. The membranes considered in this
study could be used to separate CO, from these gases. Additionally, these membranes could also be
applied to remove water at low temperature in several combustion processes in order to recover it and
on-site reuse for other purposes.

In the current study, three polyimides and six inorganic fillers were used to prepare MMMs as
thick films and the corresponding gas transport properties for CO,, CHy, and H,O were systematically
studied. Polyimides were selected due to their outstanding gas transport properties (low permeability
coefficients, high selectivity, and good thermal stability) for several gas pairs as CO,/CHy [31] or
0,/N3 [32], and in case of the studied polymers, excellent film forming properties. The six inorganic
materials used as nano-sized particles were selected, taking into account the expected good affinity
for gas molecules as CO, and water vapor [33]. BCZY, LaWO, 8YSZ, and La;O3; were selected
for the CO; and H,O affinity due to their basicity and/or the important water absorption that
present [34-36], whereas zeolites have been previously used as fillers in MMM for high-temperature
CO; separation [37].
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Figure 1. Schematic diagram of various structures for MMMs [38,39].

2. Experimental Section
2.1. Materials

2.1.1. Polymers

Three different polyimides were employed in the present study: 6FDA-6FpDA, Matrimid® 5218,
and P84®. The 6FDA-6FpDA polyimide was synthesized following the classical in-situ silylation
two steps method [40]. A detailed description of this synthesis can be found in a previous work [41].
Polyimides P84® and Matrimid® 5218 were purchased from HP Polymer GmbH (Lenzing, Austria)
and Huntsman Advanced Materials (Salt Lake City, UT, USA), respectively.

2.1.2. Solvents

Tetrahydrofuran (THF), N-methyl-2-pyrrolidon (NMP), dimethylformamide (DMF), dimethylacetamid
(DMAC), toluene, chloroform, and isopropanol for analysis grade were purchased from Merck
(Darmstadt, Germany) and used as received.

2.1.3. Particles

Six inorganic fillers were employed: 8 mol.% Yttria Stabilized Zirconia (8YSZ), LayO3, Las 4WO1»
(LaWO), BaCep 221 7Y(.103 (BCZY) and two zeolites (ITQ-2 and Beta). 8YSZ powder was provided by
Tosoh Corporation (Tokyo, Japan). LayO3; was synthesized by co-precipitation from lanthanum nitrate
(La(NOs3)3) and subsequent calcination at 800 °C for five h. LaWO, provided by CerPoTech (Tiller,
Norway) in powder form was calcined at 800 °C for six h. BCZY powder, also provided by CerPoTech,
was calcined at 950 °C for sixh. Nanocrystalline Beta zeolite (BEA material) and ITQ-2 (delaminated
MCM-22 zeolite material) [42] were synthesized by the ITQ (Instituto de Tecnologia Quimica, Valencia,
Spain) and are here used after calcination (organics removal) in its acidic form. All the fillers were
ball-milled previously for 24 h. Table 1 shows a summary of the fillers properties.
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Table 1. Properties of the used particles. 8YSZ [43], La,O3 [44], LaWO [45], BCZY [46,47], ITQ-2 [42],
and Beta [48].

Particles 8YSZ Lay O3 LawO BCZY ITQ-2 Beta
o Co-precipitation Las 4WOqp BaCe(»Zrg 7Y 103 .
Description it/; l;ﬁ(i)zleilf ;ﬁg 3 fromLa(NOs);. (CerPoTech). (CerPoTech). ITQ-2 zeolite. nanc%—iillsfalline
p (Tosoh) 2 Calcined Calcined Calcined Si/Al =50 Si/Al Z 125 ’
800°C/5h 950°C/6h 950°C/6h T
LSy, ?
Structure ﬁ /@/ m % %
2.4 | (=222
Density 5.95 6.56 6.58 6.14 ; -
(g/cm”)
BET area 6.0 29 9.4 314 >700 >700
(m*/g) .
Size (nm) 20-80 60-100 30-120 30-100 T(}Z“;‘ tshkiit)s 10-30
. Ferroelectric Asymmetric Asymmetric
Solid electrolyte materials and as mgmbranes men}llbranes for
Uses in solid oxide Catalysis Catalysis

feedstock for for hydrogen hydrogen

fuel cells (SOFC) catalysts separation separation

2.2. Membranes Fabrication

2.2.1. Inorganic Particles Dispersion

Different solvents such as THF, NMP, DMF, DMACc, toluene, chloroform, and isopropanol were
tested for the dispersion of the particles. The ultrasonic devices used to disperse the fillers were
the digital Sonifier®, models 250 and 450 (BRANSON Ultrasonics Corporation, Danbury, CT, USA).
The dispersion was carried out with the pulse/pause mode, in particular, pulse off for one second
and pulse on for one second for a total duration of 30 min. In addition, the dissolution container was
inside an ice bath to avoid the sample heating during the dispersion process. In all the cases, the best
dispersions and the most visually stable over time (smallest degree of sedimentation) were obtained
by using NMP. The zeolites were fully suspended, whereas in the dispersions obtained with 8YSZ,
LayO3, LaWO, and BCZY with some sedimentation with time observed.

2.2.2. Membranes Formation

Mix matrix membranes (MMMs) were made with 250 mg of polymer and inorganic fillers and
2.25 g of solvent. First, the inorganic fillers were dried at 120 °C for 24 h before the membrane
preparation. Then, the fillers were dispersed in 1 g of NMP, as a solvent, by using an ultrasound device.
At the same time, the polymer was dissolved with the rest of the solvent. The particle suspension
was finally added to the polymer solution, obtaining a homogeneous solution of polymer and fillers.
Subsequently, membranes were prepared by following the solvent evaporation method. The mixed
matrix solutions were poured into metal rings placed on a heating plate at 70 °C for 12 h. Then,
the membranes were heat treated following the steps: (a) 100 °C under vacuum for 1.5 h, (b) 200 °C
under vacuum for 2 h, and (c) cooling to room temperature under vacuum.

2.3. Samples Characterization

Thermogravimetric analysis (TGA) experiments were carried out on the thermal analysis
instrument NETZSCH TG 209 F1 Iris (Netzsch GmbH, Selb, Germany) in order to evaluate the thermal
stability of the MMM and quantify the percentage of fillers. Disc samples with weights of between
five and 15 mg were cut from the pieces obtained as described in Section 2.2. The TGA experiments
consisted of two steps: (i) First, the sample was heated from 30 °C to 800 °C at 10 °C/min under an
argon flow (dynamic scan); and (ii) once 800 °C was reached, the temperature was maintained for
30 min under synthetic air (static scan), in order to burn out the organic from the samples. The precision
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for the weight determination is +0.1 ug. Differential scanning calorimetry (DSC) analysis was used to
determine the T, of polymers. DCS experiments were carried out with a calorimeter DSC 1 (Mettler
Toledo, Columbus, OH, USA) at a heating rate of 10 K/min under nitrogen atmosphere to prevent
oxidation. The glass transition is determined, with a precision of £0.2 K, in the second heating cycle to
avoid the history effect of sample.

The apparent molecular weight of the polymers and the MMMs was determined by Gel
permeation Chromatography (GPC) after calibration with polystyrene standards. GPC measurements
were performed at 40 °C having DMAc as eluent on a Waters instrument (Waters GmbH, Eschborn,
Germany) equipped with polystyrene gel columns of different pore sizes, using a refractive index
(RI) detector.

The XRD analysis were performed by using a D8 DISCOVER X-ray diffractometer (Bruker,
Billerica, MA, USA). The range of measured Bragg angles was from 2 to 82°, with an increase of 10°.
A 50 kV voltage and 1000 pA current was used.

The morphology of prepared MMMs and particle distribution throughout the membrane
cross-section were analyzed using a scanning electron microscope (SEM) “Merlin” (Zeiss, Oberkochen,
Germany). Samples for cross-sectional images were prepared by breaking the membrane immersed
into liquid nitrogen and subsequent coating with a 4 nm carbon layer.

The permeability, diffusivity and solubility coefficients of CHy, CO, and H,O vapor in the
manufactured membranes were determined by using the well-known constant volume, variable
pressure method, i.e., the “time-lag method” [40]. The basic principle is the measurement of the
transitory response at the downstream part of a membrane to a pressure step at the upstream part,
that is, the time-lag (ty), which is graphically determined as the intersection of the line drawn through
the linear region of the pressure increase curve to intersection with the time axis [49]. The diffusion
coefficient (D) is linked to the time-lag (¢y) through the Equation (1).

12

tp = 67D (1)

where [ is the thickness of the membrane. The permeability coefficient (P) can be obtained from the
range where the permeate pressure increases linearly (Equation (2)).

Vpl(PrJZ - Ppl)

P=D-S=
ARTAt(ps — (Pp2 + Pp1))

@

where V), is the constant permeate volume, ! is the film thickness, A is the effective area of the
membrane, R is the gas constant, At is the time of the permeate pressure increase from pj; to py2, and
pris the feed pressure. Finally, solubility coefficient (S) can be obtained with the permeability and the
diffusion coefficient by means of Equation (3).

5= D 3)

The measurements were made at different temperatures and at one bar of feed pressure. For each
gas measurement, the facility was evacuated until no desorption from the membrane was observed
and the gas to be measured was subsequently refilled. The feed and permeate sides of the membrane
are connected to a vacuum pump with valves and additional valves that connect the feed side with
several gases.

Experiments on water vapor transport were carried out as follows: The pressure vessel keeping
feed pressure of a gas or vapor under study at a constant level during the acquisition of the time-lag
curve was filled with water vapor corresponding to the saturation pressure at a given temperature.
For the beginning of the experiment, the feed pressure vessel was connected to the previously evacuated
measurement cell by opening vacuum valves. It caused a drop of the vapor pressure to approximately
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70% of vapor activity at a given temperature. Due to the design of the vacuum system of the “time-lag”
facility, it is not possible to carry out vapor measurements at activities higher than 70%. After the
time-lag curve was recorded the system was completely evacuated and experiment repeated for 3 times.
For the CH,4 and CO;, gas properties were studied at temperatures up to 80 °C.

3. Results and Discussion

3.1. Thermal Properties

Thermogravimetric analysis experiments (TGA) were performed in order to evaluate the thermal
stability of the MMMs and to additionally determine the real amount of particles in the final sample [50].
The parameter used to evaluate the quantity of particles in the membranes is the residual mass (Ry;).
In Table 2, the TGA results for three different cases studied in this work are represented: 6FDA-6FpDA
with 10 wt.% of the six different particles, 6FDA-6FpDA with different percentage of the BCZY
particles, and 6FDA-6FpDA, Matrimid® and P84® with 10 wt.% of BCZY. It can be appreciated that
the temperature of the maximum weight loss (T};.x 10ss) i @ characteristic property of the polymer
matrix, i.e., 550 °C for 6FDA-6FpDA, 560 °C for Matrimid®, and finally, 580 °C for P84%®. The value of
the residual mass Ry, determined after exposure of the sample to synthetic air at 800 °C, indicates
the content of inorganic particles within the sample. The low deviation from the theoretical values
observed for 10 wt.% 8YSZ, La;O3, LaWO, and BCZY in 6FDA-6FpDA indicates a good dispersion
and adhesion of these particles in the polymer matrix [37,51]. On the contrary, in the case of the
zeolites (ITQ-2 and Beta), an important difference between nominal and experimental content occurs.
This difference is attributed to the nanometer size of the particles that may cause a loss of part of
the constituting elements of these particles. On the other hand, 6FDA-6FpDA + 20 wt.% BCZY and
Matrimid® + 10 wt.% BCZY present an Ry value higher than the initial percentage of particles that
indicates an irregular distribution of the polymer chains around the particles. Additionally, an identical
temperature of the maximum weight loss T,y joss for 6FDA-6FpDA with different percentages of the
BCZY particles is observed in Figure 2. From these results, it can be concluded that the incorporation
of inorganic particles to the polymer matrix does not affect the thermal stability of the polymer.

Table 2. Thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC) results for the
three different cases studied in this work.

Sample Description Tnax loss Theor. wt.% Ry wt.% T,
6FDA-6FpDA 550 °C 0 0 311.1°C
+10 wt.% 8YSZ 550 °C 10 9.8 300.2 °C
+10 wt.% Lay O3 550 °C 10 8.1 302.4°C
+10 wt.% LaWO 550 °C 10 8.1 290.6 °C
+10 wt.% BCZY 550 °C 10 10.0 311.2°C
+10 wt.% ITQ-2 550 °C 10 0 294.7 °C
+10 wt.% Beta 550 °C 10 0 2945 °C
6FDA-6FpDA 550 °C 0 0 311.1°C
+1 wt.% BCZY 550 °C 1 0 314.2°C
+5 wt.% BCZY 550 °C 5 49 312.5°C
+10 wt.% BCZY 550 °C 10 10.0 311.2°C
+15 wt.% BCZY 550 °C 15 16.8 307.9 °C
+20 wt.% BCZY 550 °C 20 27.2 306.3 °C
6FDA-6FpDA 550 °C 0 0 311.1°C
+10 wt.% BCZY 550 °C 10 10.0 311.2°C
Matrimid® 560 °C 0 0 320.2°C
+10 wt.% BCZY 560 °C 10 13.3 315.7°C
P84® 580 °C 0 0 322.4°C
+10 wt.% BCZY 580 °C 10 7.2 318.2°C

The glass transition temperature (Ty) of these three polymers was determined by differential
scanning calorimetry (DSC). An evolution of the T with the rigidity of the polymer chains following
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the order of rigidity 6FDA-6FpDA < Matrimid® < P84® was found. For all the 6FDA-6FpDA-based
MMM, the T decreases in comparison to the pure polyimide, except for the BCZY membrane that
presents a Tg similar to the reference. The observed reduction of the T, may indicate a plasticization
effect introduced by the filler particles.

100 +——— H’\l e
90 - -
< 804 1
3
8 70 4 Reference
= ——BCZY 1%
° ——BC2ZY 5%
= 604 |——BCZY 10%
——BCZY 15%
——BC2ZY 20%
50 -

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2. TGA graphs for the results of 6FDA-6FpDA with different percentage of the BCZY particles.

When the behavior of the T, for different BCZY contents in the polymer matrix was analyzed,
only small irregular changes were found, i.e., an increase of Ty for low BCZY percentages between
one and 5 wt.% and a similar value for 10 wt.%, which may indicate a small macromolecular chain
rigidification [52] (see Table 2). This could have an effect on the gas transport properties, expecting an
increase in selectivity but decrease of the permeability coefficients.

3.2. Microstructure Characterization

The X-ray diffraction (XRD) technique is used to evaluate the interaction between the selected
particles with the polymer matrix. Figure 2 shows the X-ray spectra of the MMMs made of
6FDA-6FpDA with 10 wt.% of particles and the reference patterns of 8YSZ, La(OH)3, LaWO, and
BCZY compounds. Regarding La, O3, this inorganic filler is highly hygroscopic, which may affect its
crystalline structure. Actually, this was the case in this work, and as revealed in Figure 3, the pattern
of LayO3 changed to La(OH);. XRD patterns demonstrate that the particles are well integrated in
the polymer matrix, showing the combination of the diffraction pattern of the polymer and particles.
Nevertheless, in the case of 8YSZ, LayO3, and Beta zeolite, the main peak of the polymer matrix moves
to higher values of 26, and therefore, the polymer intersegmental distance decreases [53-55]. This may
indicate that part of the fraction free volume (FFV) of the polymer can be altered in the vicinity to the
embedded particle.

Figure 4 displays the X-ray diffraction pattern of MMMSs made of 6FDA-6FpDA, Matrimid® and
P84® combined with BCZY 10 wt.% and illustrates how the intersegmental distance between polymer
backbones are directly related to the FFV (6FDA-6FpDA > Matrimid® > P84®) [56,57].
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Figure 3. X-ray diffraction patterns for 6FDA-6FpDA with 10 wt.% fillers (red lines) and reference
patterns corresponding to 8YSZ, La(OH)3, LaWO, and BCZY crystals (black peaks).

The fillers distribution, sedimentation, and agglomeration in the membranes were analyzed based
on scanning electron microscope (SEM) cross-sectional images.

The cross-section of 6FDA-6FpDA MMMs with 10 wt.% fillers (Figure 5) shows that part of the
inorganic fillers forms agglomerates. Theoretically, the size of particles (Table 1) should be in the
nanometer range, but most of the fillers occur as agglomerates of embedded single nanoparticles.
Additionally, sedimentation of particles can also be appreciated, i.e., there is a certain sedimentation for
most fillers. These two phenomena may be associated with the dynamics of the membrane formation
process. In general, the process for solvent evaporation is slow, and it gives enough time for particles
for sedimentation to the bottom, which is something very common in thick film MMMs. This is related
to the solvent used, NMP, that exhibits a high boiling point and to the high density of most of the
studied filler particles (Table 1). When all the inorganic fillers are compared, it is ascertained that
La; O3 showed the largest amount of agglomerates, and in general, a poor distribution. In contrast,
BCZY is the filler with the best particle distribution throughout the membrane thickness, and the least
agglomeration and sedimentation.
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Figure 4. X-ray patterns for different polymer matrix:Pure, blue lines, and with 10 wt.% BCZY, red lines.

S

a)8YSZ - o _;l', : ! 5 \'c)LaWO :

e) ITQ2

Figure 5. SEM images (fracture cross-sections) for 6FDA-6FpDA MMM and 10 wt.% fillers.
3.3. Gas Transport Properties

Gas transport properties for the three different cases (i.e., particle type, particle content and
polymer type) were evaluated. Time lag equipment was used to study, not only the permeability
and the selectivity, but also the solubility and the diffusivity coefficients of gases and water vapor in
MMMs as a function of temperature.
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3.3.1. Influence of the Particle Type

In this section, MMMSs composed by 90 wt.% of 6FDA-6FpDA as polymer matrix and 10 wt.%
of different fillers are characterized Table 3 shows how the particles influence the polymer matrix
reference (6FDA-6FpDA) in terms of permeability and selectivity at 30 °C. Permeability variations are
always negative, and on the contrary, the selectivity variations are positive in all the cases. The decrease
in permeability with the addition of inorganic fillers can be related to the formation of a densified
layer of polymer on the polymer/particle interphase (case 2), although a reduction of the Ty was not
observed (Table 2). Polymer densification leads to reduced free volume, and consequently, to higher
selectivity for the gas pair with significantly different kinetic diameters of gas molecules. Interestingly,
the decrease in CO, permeability leads to significant, reverse-proportional increase of the activation
energy of CO, permeability [58]. This observation allows one to conclude good contact between
polymer and inorganic particle, i.e., presence of no gaps in this interface [18,59].

Table 3. CO, permeability, CO, /CHy selectivity, percentage variations of permeability and selectivity
(6FDA-6FpDA with 10 wt.%fillers at 30 °C). Additionally, the activation energy for CO, permeability
derived from the data shown in Figure 6.

Membrane Sample COZ. . CO,/CH, COZ. . COZ/.CI_.L* Activation

Description Permeability Selectivity (-) Per.mefablhty Se.lec.twlty Energy
(Barrer) Variation (%) Variation (%) (KJ/mol)

6FDA-6FpDA (Reference) 774 48.0 - - 0.69

+10 wt.% 8YSZ 25.8 53.9 —67 +12 3.73

+10 wt.% LayO3 341 51.9 —56 +8 2.69

+10 wt.% LaWO 11.9 77.3 -85 +61 5.51

+10 wt.% BCZY 63.8 54.6 —18 +14 1.22

+10 wt.% ITQ-2 28.9 55.1 —63 +15 2.63

+10 wt.% Beta 22.7 64.9 -71 +35 498

The permeability of CO, and selectivity for the gas pair CO, /CH, was also measured as a function
of temperature. CO, permeability increases with temperature for all tested MMMs. However, none
of them exhibits higher permeability values than the reference membrane, as is observed in Figure 6
(left-hand). Selectivity decreases as a function of temperature, while the effect of the type of filler
becomes more visible and relevant at lower temperatures, because the differences between them
are more evident. Table 3 displays the activation energy for the different fillers and the reference.
The activation energy of the MMM is higher than the activation energy of the polymeric membrane
6FDA-6FpDA. Hence, the formation of a rigid layer around the particles is confirmed.

80 1 B—a—A—a—a—g 804 — M- Reference (6FDA-6FpDA)
~W-+8YSZ 10% 7
S 601 i -M-+1a,0, 10%
% < —@-+LaWo 10%
= +BCZY 10%
L 40 6 60 ~-@-+1TQ2 10% 1
o B g = —M-+Beta10%
o B —a— g 8
Z §I‘“l“*'—x"' 2 40 .
= s——s s .
£ 20 8 =1
o g & 20- i i
o \.\. |
—m
—~——
T T T 1 0 T T T
0.0028 0.0030 0.0032 0.0034 0.0028 0.0030 0.0032 0.0034
1/Temperature (1/K) 1/Temperature (1/K)

Figure 6. Permeability of CO, and CO,/CHyj selectivity for the MMM composed by 90 wt.% of
6FDA-6FpDA and 10 wt.% of different fillers as a function of temperature.

Taking into consideration all the MMMs, the sample with BCZY particle exhibits the highest
permeability value, as well as a notable increase in CO,/CHy selectivity. All MMMs exhibit worse
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permeability than the reference, while a visible improvement in selectivity can be ascertained.
Gas permeability through a membrane depends on two parameters, diffusivity coefficient and solubility
coefficient (Figure 7). The solubility coefficient was not improved by the incorporation of particles.
In particular, the membranes containing BCZY and La;Os3 particles have practically the same CO,
solubility coefficient as the pure polymer, but the rest of inorganic fillers causes a CO, solubility
coefficient decrease, and all of them decrease as a function of temperature.

T . T T % 25_ T T !/ = E
101 ] o
N@ .\.\ g 201 /-/I
5 .§l .\l §15< /-/I/. ]
S I%l%. \. @ _//I/l/
- AN o s ]
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= \I\. o' - - -M-+8YSZ10%
£ l\. O 5] /. -M-+13,0,10% ]
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1/Temperature (1/K) 1/Temperature (1/K)

Figure 7. Diffusivity and solubility coefficient of MMMSs composed by 90 wt.% of 6FDA-6FpDA and 10
wt.% of different fillers, as a function of temperature.

On the contrary, the diffusivity coefficient, which is mainly determined by the FFV, increases
as a function of temperature for all the MMM s. It is assumed that particles are blocking part of the
FFV of the polymer matrix, and hence, the final permeability decreases. Observing the evolution
of the diffusivity coefficient with temperature, this statement can be confirmed, since the reference
diffusivity coefficient is higher than the rest at room temperature, and this difference is bigger at
higher temperatures.

As a conclusion, BCZY, among all the studied fillers, was the most promising particle for MMM
due to the fact that it is the particle that exhibits the highest permeability value, as well as a notable
increase in CO,/CHy selectivity. Therefore, this nano-sized filler was selected for the next step,
i.e., evaluation of the influence of the amount of nanoparticles on the separation performance.

3.3.2. Influence of the Particle Content

In order to understand the influence of the inorganic filler concentration on MMM transport
properties, membranes were prepared with different BCZY content in weight percent 1%, 5%, 10%,
15% and 20% in the same polymer matrix, i.e., 6(FDA-6FpDA. Table 4 summarizes permeability and
ideal selectivity data obtained for the aforementioned membranes at 30 °C.

Table 4. CO, permeability, CO, /CHy selectivity, percentage variations of permeability, and selectivity
(6FDA-6FpDA with different % of BCZY at 30 °C). Additionally, the activation energy for CO,
permeability derived from permeability vs. temperature data is listed.

Membrane Sample €O, . CO,/CH,4 CO, . CO,/ CH,4 Activation
Description Permeability Selectivity (-) Per.me.ablhty Se‘lec.t1v1ty Energy
(Barrer) Variation (%)  Variation (%) (KJ/mol)
6FDA-6FpDA (Reference) 77.4 48.0 - - 0.69
+1 wt.% BCZY 61.4 49.7 —21 +3.6 2.56
+5 wt.% BCZY 45.5 49.6 —41 +3.3 1.89
+10 wt.% BCZY 63.8 54.6 —18 +14 1.22
+15 wt.% BCZY 66.0 47.8 —15 —0.3 0.57

+20 wt.% BCZY 59.7 45.1 -23 —6.0 1.46
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As in the previous section, the permeability values for the different filler concentration are
lower than the permeability of the reference membrane (6FDA-6FpDA). In contrast, regarding the
selectivity variation, the MMM with the highest content of particles has a negative effect on selectivity.
This suggests that not only the filler particles are blocking the FFV—decreasing the permeability—but
also aggregates influence the selectivity negatively.

Permeability of CO; and selectivity of the gas pair CO,/CH, was measured as a function of
temperature. Activation energies for the MMMs of 6FDA-6FpDA with different % of BCZY filler are
indicated in Table 4. Permeability of CO, increases with temperature but decreases with the content of
BCZY fillers. All the membranes with BCZY exhibit higher permeability values than with the other
fillers studied in the previous section (see Figure 6). This fact indicates that BCZY is the most promising
particle. Regarding the selectivity of CO,/CHy, it decreases as a function of temperature, and there is
not a wide difference between the reference polymer and MMMs. No clear dependence between BCZY
content and activation energy can be observed. Therefore, in the next sub-section, the filler BCZY
at 10 wt.% is tested for two other polymers that present lower FFV, that is, with lower permeability,
in order to check if the addition of particles enables it to improve their separation performance.

3.3.3. Influence of the Polymer Matrix

The influence of different polymeric matrices with different FFV (6FDA-6FpDA, Matrimid® and
P84®) on the separation properties is studied, employing the results of the previous studies, that is, the
most suitable filler (BCZY) and the most suitable proportion (10 wt.%) [60]. Table 5 shows the polymer
matrix influence (6FDA-6FpDA, Matrimid® and P84®) in terms of permeability and selectivity at
30 °C. We hypothesized that, for lower permeable polymers, the particles may positively affect the
gas separation properties of the mixed matrix membranes [61-63]. As is shown in the table below,
the Matrimid® mixed matrix membrane exhibits higher permeability, as well as selectivity, compared
to its reference (case 1 in Figure 1), while the P84® mixed matrix membrane behaves similar to the
6FDA-6FpDA mixed matrix membrane, with a decrease in permeability and an increase in selectivity
(case 2 in Figure 1) [59].

Table 5. CO, permeability, CO, /CHy selectivity, percentage variations of permeability and selectivity
(membranes with different polymeric matrix at 30 °C). Additionally, activation energy is calculated.

Membrane Sample €O, s CO,/CHy4 COZ. . C02/§I_.I4 Activation
Description Permeability Selectivity (-) Per'me‘ablllty Se‘lec‘t1v1ty Energy
(Barrer) Variation (%) Variation (%) (KJ/mol)
6FDA-6FpDA (Reference) 774 48.0 - - 0.69
+10 wt.% BCZY 63.8 54.6 —18 +14 1.22
Matrimid® 5.1 40.5 - - 9.30
+10 wt.% BCZY 6.7 47.5 +31 +17 7.42
Pg4® 14 47.0 - - 11.64
+10 wt.% BCZY 1.0 64.6 —-32 +38 18.33

The permeability of CO, and the selectivity of the CO,/CHy4 gas pair were determined as a
function of temperature, see Figure 8. All polymers show good compatibility with BCZY particles,
but behave differently, as casted MMMs. 6FDA-6FpDA and P84® show lower permeability coefficients
of CO, in MMM form while Matrimid® with 10 wt.% of BCZY shows an improvement in both CO,
permeability and CO,/CHy selectivity. As it can be expected for the CO,/CHj gas pair, the ideal
selectivity decreases with temperature for both pure polymer and MMMs.

Figure 9 shows diffusion and solubility coefficients of CO; as a function of temperature. It can
be ascertained that the permeability of Matrimid® with BCZY particles is higher than the pure
polymer Matrimid® because solubility coefficients improve, and diffusivity coefficients remain
constant. In general, the activation energy of CO, diffusivity (Figure 9) of the polymer membrane
is not influenced by the incorporation of BCZY particles suggesting that the diffusion mechanism is
apparently not affected.
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Figure 8. Permeability of CO, and CO,/CHy selectivity for the membranes made of 6FDA-6FpDA,
Matrimid® and P84® with and without 10 wt.% BCZY as a function of temperature.
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Figure 9. Diffusivity and solubility coefficient of CO, of membranes made of 6FDA-6FpDA, Matrimid®
and P84® with and without 10 wt.% BCZY as a function of temperature.

3.3.4. Transport of Water Vapor in MMMs

All the MMMs tested until now exhibits high CO, solubility coefficients, which may be related
to the water vapor transport properties. Additionally, the fillers selected for this work exhibit a high
affinity towards water. They can be perspective materials for membranes able to remove water from
COy-rich gas streams as combustion tail-gas or catalytic converters products. Hence, all prepared
membranes were tested for water vapor transport using the “time-lag” setup.

Table 6 summarizes water vapor permeability’s and the activation energies for all the MMMs
studied in this work. The achieved permeability values are remarkably high, although permeability
decreases as a function of temperature. The negative values of the activation energy are related
to the exothermic nature of the water solubility and its effect dominates in the overall separation
process. In all cases, water permeability decreased in MMMSs compared to pure polymers except the
case of Matrimid® with 10 wt.% of BCZY. This filler showed the highest permeability coefficient of
MMMs when compared to other fillers mixed with 6FDA-6FpDA.Looking at activation energies of
water permeability in 10 wt.% MMMs based on three polymers, one may conclude that the “slower”
polymers Matrimid® and P84® are more benefitting by the incorporation of BCZY. Namely, P84®-based
MMM shows slightly positive E, (P) for water vaporand Matrimid® MMM exhibits a higher water
permeability coefficient than for the pure polymer and a lower corresponding activation energy. These
two materials are appealing materials for further application in membrane-assisted water vapor
removal from combustion streams or in catalytic reactors in order to shift chemical equilibrium in
CO;y-hydrogenation reactions.
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Table 6. Steam permeation at 30 °C and activation energies for all the MMMs studied in this work at

30 °C.
H,O0 Permeability (Barrer)  H,O/CO; Selectivity (-)  Activation Energy (KJ/mol)

6FDA-6FpDA 3875 50.06 —3.34
+10 wt.% 8YSZ 1998 7748 —-2.22
+10 wt.% LayO3 2381 69.85 —2.79
+10 wt.% LaWO 1287 108.30 —1.35
+10 wt.% BCZY 3319 52.02 —3.31
+10 wt.% ITQ-2 2015 69.70 —-1.31

+10 wt.% Beta 1914 84.35 0.69
6FDA-6FpDA 3875 50.06 —3.34
+1 wt.% BCZY 3144 51.20 —2.30
+5 wt.% BCZY 2766 60.83 —2.23
+10 wt.% BCZY 3319 52.02 —3.31
+15 wt.% BCZY 3276 49.67 —2.13
+20 wt.% BCZY 3108 52.03 —2.28
6FDA-6FpDA 3875 50.06 —3.34
+10 wt.% BCZY 3319 52.02 —3.31

Matrimid® 1524 300.60 0.87
+10 wt.% BCZY 1835 276.02 —1.16

P84® 1226 875.71 2.36

+10 wt.% BCZY 821 856.40 1.73

4. Conclusions

A complete study of the influence of inorganic fillers on the gas transport properties of different
polyimides, typically applied in gas separation processes, i.e., purification of biogas and natural gas
was developed. The strategy of this work was the incorporation of inorganic nanoparticles as MMM
fillers. These inorganic materials were selected because the expected good affinity for gas molecules as
CO; and water vapor. The particles were successfully dispersed and incorporated into the polymer
matrix. Consequently, 15 different MMMSs were produced as a thick film. Materials were characterized
by different techniques including TGA, XRD, DSC, or SEM. Gas transport properties were evaluated
for CHy, CO,, and HyO at temperatures from 30 to 80 °C in a time lag equipment.

It was observed that, in general, the inorganic fillers could produce small rigidification in the
polymer matrix, although they do not exhibit higher T,. MMMs studied in this work allowed for
improve selectivity, but with a negative impact on permeability. This could be caused by particle
aggregation (see Figure 5 for SEM images), blocking part of the FFV but increasing tortuosity of the
gases trough the membrane. Regarding the influence of the particle type and/or content, no clear
effect of the particles in terms of pore size or particle size was discovered. XRD analysis shows a small
decrease in interspacing of the polymer chains with no modification of the particles pattern, meaning
that there is not any interaction with polymer.

Taking all the inorganic particles into consideration, BCZY shows the best improvement of
selectivity with a small decrease in permeability. In addition, it also exhibits the best distribution,
and consequently, it was selected for the rest of the experiments (different percentages and different
polymer matrix). For polymer matrixes with lower FFV, such as Matrimid® and P84®, there is a result
in improvement of the properties by adding particles, possibly due to the creation of interface between
particle and polymer chain. Therefore, MMMs with particles can be used to create interface and
we will increase separation properties of slow polymers. Regarding temperature dependence, some
changes were observed on activation energy of the process, the incorporation of inorganic fillers does
not significantly affect the permeation mechanism determined by the polymer transport properties.

Finally, water permeability was first reported for several polyimides and MMMs of inorganic
particles with polyimides, reaching relatively high values. However, the effect of the filler incorporation
on the water permeation was not relevant for the polymers except for Matrimid.



Membranes 2018, 8, 128 15 of 18

Author Contributions: S.E. (Sara Escorihuela), L.V., A.T. and S.E. (Sonia Escolastico) performed the experiments
and the data analysis; A.T., S.S. and ].S. Conceived and design the experiments; T.B. and ].M.S. supervised the
study and provided scientific discussions. All the authors contribute to the writing paper.

Funding: This work was financially supported by the Spanish Government (SEV-2016-0683, SVP-2014-068356,
Project ENE2014-57651-R and IJCI-2016-28330 grants) and GeneralitatValenciana (PROMETEO/2018/006 grant)
and Helmholtz-Zentrum Geesthacht (HZG) through the technology transfer project program and by the Helmholtz
Association of German Research Centers through the Helmholtz Portfolio MEMBRAIN.

Acknowledgments: Authors are grateful to Susana Valencia (Instituto de Tecnologia Quimica (UPV-CSIC)) for
zeolite synthesis; Clarissa Abetz and Anke-Lisa Hoeme (Helmholtz-Zentrum Geesthacht) for excellent SEM
images; Silvio Neumann (Helmholtz-Zentrum Geesthacht) for the TGA and DSC measurements and Giovanni
Capurso (Helmholtz-Zentrum Geesthacht) for the XRD measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Santi Kulprathipanja, R W.N.; Norman, N. Li Separation of Fluids by Means of Mixed Matrix Membranes.
U.S. Patent 4,740,219, 26 April 1988.

2. Kulprathipanja, S. Mixed matrix membrane development. Ann. N. Y. Acad. Sci. 2003, 984, 361-369. [CrossRef]
[PubMed]

3.  Robeson, L.M. The upper bound revisited. ]. Membr. Sci. 2008, 320, 390-400. [CrossRef]

4. Paul, D.R,; Ampol’skij, U.P. Polymeric Gas Separation Membranes; CRC: Boca Raton, FL, USA, 1994.

5. Baker, RW. Research needs in the membrane separation industry: Looking back, looking forward.
J. Membr. Sci. 2010, 362, 134-136. [CrossRef]

6.  Sttinkel, S.; Drescher, A.; Wind, J.; Brinkmann, T.; Repke, J.U.; Wozny, G. Carbon dioxide capture for the
oxidative coupling of methane process—A case study in mini-plant scale. Chem. Eng. Res. Des. 2011, 89,
1261-1270. [CrossRef]

7. Cheng, Y,; Wang, Z.; Zhao, D. Mixed matrix membranes for natural gas upgrading: Current status and
opportunities. Ind. Eng. Chem. Res. 2018, 57, 4139-4169. [CrossRef]

8.  Koros, W.; Zhang, C. Materials for next-generation molecularly selective synthetic membranes. Nat. Mater.
2017, 16, 289-297. [CrossRef]

9. Li Y,; He, G; Wang, S;; Yu, S.; Pan, F; Wu, H.; Jiang, Z. Recent advances in the fabrication of advanced
composite membranes. J. Mater. Chem. A 2013, 1, 10058-10077. [CrossRef]

10. Liu, Y,; Liu, G.,; Zhang, C.; Qiu, W,; Yi, S.; Chernikova, V.; Chen, Z.; Belmabkhout, Y.; Shekhah, O.;
Eddaoudi, M.; et al. Enhanced CO,/CH, separation performance of a mixed matrix membrane based
on tailored mof-polymer formulations. Adv. Sci. 2018, 5, 1800982. [CrossRef]

11. Bae, T.-H.; Liu, J.; Lee, ].S.; Koros, W.J.; Jones, C.W.; Nair, S. Facile high-yield solvothermal deposition of
inorganic nanostructures on zeolite crystals for mixed matrix membrane fabrication. J. Am. Chem. Soc. 2009,
131, 14662-14663. [CrossRef]

12.  Zornoza, B.; Téllez, C.; Coronas, J. Mixed matrix membranes comprising glassy polymers and dispersed
mesoporous silica spheres for gas separation. J. Membr. Sci. 2011, 368, 100-109. [CrossRef]

13.  Anson, M.; Marchese, ].; Garis, E.; Ochoa, N.; Pagliero, C. Abs copolymer-activated carbon mixed matrix
membranes for CO, /CHy separation. . Membr. Sci. 2004, 243, 19-28. [CrossRef]

14. Kim, S.; Chen, L.; Johnson, ].K.; Marand, E. Polysulfone and functionalized carbon nanotube mixed matrix
membranes for gas separation: Theory and experiment. J. Membr. Sci. 2007, 294, 147-158. [CrossRef]

15. Adams, R.; Carson, C.; Ward, J.; Tannenbaum, R.; Koros, W. Metal organic framework mixed matrix
membranes for gas separations. Microporous Mesoporous Mater. 2010, 131, 13-20. [CrossRef]

16. McKeown, N.B. A perfect match. Nat. Mater. 2018, 17, 216-217. [CrossRef] [PubMed]

17.  Dechnik, J.; Sumby, CJ; Janiak, C. Enhancing mixed-matrix membrane performance with metal-organic
framework additives. Cryst. Growth Des. 2017, 17, 4467-4488. [CrossRef]

18. Bastani, D.; Esmaeili, N.; Asadollahi, M. Polymeric mixed matrix membranes containing zeolites as a filler
for gas separation applications: A review. |. Ind. Eng. Chem. 2013, 19, 375-393. [CrossRef]

19. Carreon, M.A. Membranes for Gas Separations; Colorado School of Mines: Golden, CO, USA, 2018.


http://dx.doi.org/10.1111/j.1749-6632.2003.tb06012.x
http://www.ncbi.nlm.nih.gov/pubmed/12783830
http://dx.doi.org/10.1016/j.memsci.2008.04.030
http://dx.doi.org/10.1016/j.memsci.2010.06.028
http://dx.doi.org/10.1016/j.cherd.2011.02.024
http://dx.doi.org/10.1021/acs.iecr.7b04796
http://dx.doi.org/10.1038/nmat4805
http://dx.doi.org/10.1039/c3ta01652h
http://dx.doi.org/10.1002/advs.201800982
http://dx.doi.org/10.1021/ja907435c
http://dx.doi.org/10.1016/j.memsci.2010.11.027
http://dx.doi.org/10.1016/j.memsci.2004.05.008
http://dx.doi.org/10.1016/j.memsci.2007.02.028
http://dx.doi.org/10.1016/j.micromeso.2009.11.035
http://dx.doi.org/10.1038/s41563-018-0029-1
http://www.ncbi.nlm.nih.gov/pubmed/29434304
http://dx.doi.org/10.1021/acs.cgd.7b00595
http://dx.doi.org/10.1016/j.jiec.2012.09.019

Membranes 2018, 8, 128 16 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Liu, C.; Greer, D.W,; O’Leary, B.W. Advanced materials and membranes for gas separations: The uop
approach. In Nanotechnology: Delivering on the Promise Volume 2; American Chemical Society: Washington,
DC, USA, 2016; Volume 1224, pp. 119-135.

Dechnik, J.; Gascon, J.; Doonan, C.J.; Janiak, C.; Sumby, C.J. Mixed-matrix membranes. Angew. Chem. Int. Ed.
2017, 56, 9292-9310. [CrossRef] [PubMed]

Yang, Y.; Chuah, C.Y,; Nie, L.; Bae, T.-H. Enhancing the mechanical strength and CO,/CH, separation
performance of polymeric membranes by incorporating amine-appended porous polymers. . Membr. Sci.
2019, 569, 149-156. [CrossRef]

Mikkelsen, M.; Jorgensen, M.; Krebs, F.C. The teraton challenge. A review of fixation and transformation of
carbon dioxide. Energy Environ. Sci. 2010, 3, 43-81. [CrossRef]

Miltner, M.; Makaruk, A.; Harasek, M. Review on available biogas upgrading technologies and innovations
towards advanced solutions. J. Clean. Prod. 2017, 161, 1329-1337. [CrossRef]

Ullah Khan, I.; Hafiz Dzarfan Othman, M.; Hashim, H.; Matsuura, T.; Ismail, A.F.; Rezaei-DashtArzhandi, M.;
Wan Azelee, 1. Biogas as a renewable energy fuel—A review of biogas upgrading, utilisation and storage.
Energy Convers. Manag. 2017, 150, 277-294. [CrossRef]

Montafiez-Hernandez, L.; Hernandez De Lira, I.; Rafael-Galindo, G.; de Lourdes Froto Madariaga, M.;
Balagurusamy, N. Sustainable production of biogas from renewable sources: Global overview, scale up
opportunities and potential market trends. Sustain. Biotechnol. Enzymatic Resour. Renew. Energy 2018, 325-354.
[CrossRef]

Baker, R.W.; Lokhandwala, K. Natural gas processing with membranes: An overview. Ind. Eng. Chem. Res.
2008, 47,2109-2121. [CrossRef]

Zhang, Y.; Sunarso, J.; Liu, S.; Wang, R. Current status and development of membranes for co2/ch4 separation:
A review. Int. |. Greenh. Gas Control 2013, 12, 84-107. [CrossRef]

Rezakazemi, M.; Ebadi Amooghin, A.; Montazer-Rahmati, M.M.; Ismail, A.F,; Matsuura, T. State-of-the-art
membrane based CO; separation using mixed matrix membranes (mmms): An overview on current status
and future directions. Prog. Polym. Sci. 2014, 39, 817-861. [CrossRef]

Angelidaki, I; Treu, L.; Tsapekos, P.; Luo, G.; Campanaro, S.; Wenzel, H.; Kougias, P.G. Biogas upgrading
and utilization: Current status and perspectives. Biotechnol. Adv. 2018, 36, 452-466. [CrossRef] [PubMed]
Yong-Woo, J.; Dong-Hoon, L. Gas membranes for CO, /CHy (biogas) separation: A review. Environ. Eng. Sci.
2015, 32, 71-85.

Murali, R.S.; Sankarshana, T.; Sridhar, S. Air separation by polymer-based membrane technology.
Sep. Purif. Rev. 2013, 42, 130-186. [CrossRef]

Kanehashi, S.; Chen, G.Q.; Ciddor, L.; Chaffee, A.; Kentish, S.E. The impact of water vapor on co2 separation
performance of mixed matrix membranes. |. Membr. Sci. 2015, 492, 471-477. [CrossRef]

Kreuer, K.D. Proton-conducting oxides. Annu. Rev. Mater. Res. 2003, 33, 333-359. [CrossRef]

Haugsrud, R. Defects and transport properties in LngWO1, (Ln = La, Nd, Gd, Er). Solid State Ion. 2007, 178,
555-560. [CrossRef]

Kim, S.; Anselmi-Tamburini, U.; Park, H.J.; Martin, M.; Munir, Z.A. Unprecedented room-temperature
electrical power generation using nanoscale fluorite-structured oxide electrolytes. Adv. Mater. 2008, 20,
556-559. [CrossRef]

Fernandez-Barquin, A.; Casado Coterillo, C.; Palomino, M.; Valencia, S.; Irabien, A. Lta/poly(1-trimethylsilyl-
1-propyne) mixedmatrix membranes for high-temperature CO, /N, separatio. Chem. Eng. Technol. 2015, 38,
658-666. [CrossRef]

Ansaloni, L.; Deng, L. 7-advances in polymer-inorganic hybrids as membrane materials. In Recent
Developments in Polymer Macro, Micro and Nano Blends; Visakh, PM., Markovic, G., Pasquini, D., Eds.;
Woodhead Publishing: Cambridge, UK, 2017; pp. 163-206.

Maghami, M.; Abdelrasoul, A. Zeolite Mixed Matrix Membranes (Zeolite-Mmms) for Sustainable Engineering;
West Virginia University: Morgantown, VA, USA, 2018.

Tena, A.; Shishatskiy, S.; Meis, D.; Wind, J.; Filiz, V.; Abetz, V. Influence of the composition and imidization
route on the chain packing and gas separation properties of fluorinated copolyimides. Macromolecules 2017,
50, 5839-5849. [CrossRef]


http://dx.doi.org/10.1002/anie.201701109
http://www.ncbi.nlm.nih.gov/pubmed/28378379
http://dx.doi.org/10.1016/j.memsci.2018.10.018
http://dx.doi.org/10.1039/B912904A
http://dx.doi.org/10.1016/j.jclepro.2017.06.045
http://dx.doi.org/10.1016/j.enconman.2017.08.035
http://dx.doi.org/10.1007/978-3-319-95480-6_13
http://dx.doi.org/10.1021/ie071083w
http://dx.doi.org/10.1016/j.ijggc.2012.10.009
http://dx.doi.org/10.1016/j.progpolymsci.2014.01.003
http://dx.doi.org/10.1016/j.biotechadv.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29360505
http://dx.doi.org/10.1080/15422119.2012.686000
http://dx.doi.org/10.1016/j.memsci.2015.05.046
http://dx.doi.org/10.1146/annurev.matsci.33.022802.091825
http://dx.doi.org/10.1016/j.ssi.2007.01.004
http://dx.doi.org/10.1002/adma.200700715
http://dx.doi.org/10.1002/ceat.201400641
http://dx.doi.org/10.1021/acs.macromol.7b01051

Membranes 2018, 8, 128 17 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Escorihuela, S.; Tena, A.; Shishatskiy, S.; Escolastico, S.; Brinkmann, T.; Serra, J.; Abetz, V. Gas separation
properties of polyimide thin films on ceramic supports for high temperature applications. Membranes 2018,
8, 16. [CrossRef] [PubMed]

Corma, A.; Fornés, V.; Guil, ].M.; Pergher, S.; Maesen, T.L.M.; Buglass, J.G. Preparation, characterisation and
catalytic activity of itq-2, a delaminated zeolite. Microporous Mesoporous Mater. 2000, 38, 301-309. [CrossRef]
Itoh, T.; Mori, M.; Inukai, M.; Nitani, H.; Yamamoto, T.; Miyanaga, T.; Igawa, N.; Kitamura, N.; Ishida, N.;
Idemoto, Y. Effect of annealing on crystal and local structures of doped zirconia using experimental and
computational methods. J. Phys. Chem. C 2015, 119, 8447-8458. [CrossRef]

Vigneron, F,; Sougi, M.; Meriel, P.; Herr, A.; Meyer, A. Etude par diffraction de neutrons des structures
magnétiques de tbbe 13 a basse température. J. Phys. 1980, 41, 123-133. [CrossRef]

Scherb, T.; Kimber, S.A.].; Stephan, C.; Henry, P.F,; Schumacher, G.; Escolastico, S.; Serra, ].M.; Seeger, J.;
Just, J.; Hill, A.H.; et al. Nanoscale order in the frustrated mixed conductor Las WO1,_s. |. Appl. Crystallogr.
2016, 49, 997-1008. [CrossRef]

Han, D.; Kishida, K.; Shinoda, K.; Inui, H.; Uda, T. A comprehensive understanding of structure and site
occupancy of y in y-doped BaZrOg. J. Mater. Chem. A 2013, 1, 3027-3033. [CrossRef]

Morejudo, S.H.; Zanén, R.; Escolastico, S.; Yuste-Tirados, I.; Malered-Fjeld, H.; Vestre, PK.; Coors, W.G.;
Martinez, A.; Norby, T.; Serra, ] M.; et al. Direct conversion of methane to aromatics in a catalytic co-ionic
membrane reactor. Science 2016, 353, 563-566. [CrossRef] [PubMed]

IZA Structure Comission. Available online: http://www.iza-structure.org/ (accessed on 20 June 2018).
Lilleparg, J.; Georgopanos, P.; Emmler, T.; Shishatskiy, S. Effect of the reactive amino and glycidyl ether
terminated polyethylene oxide additives on the gas transport properties of pebax® bulk and thin film
composite membranes. RSC Adv. 2016, 6, 11763-11772. [CrossRef]

Zhang, C.; Dai, Y.; Johnson, ].R.; Karvan, O.; Koros, W.]. High performance zif-8/6fda-dam mixed matrix
membrane for propylene/propane separations. J. Membr. Sci. 2012, 389, 34-42. [CrossRef]
Fernandez-Barquin, A.; Casado Coterillo, C.; Palomino, M.; Valencia, S.; Irabien, A. Permselectivity
improvement in membranes for CO, /Ny separation. Sep. Purif. Technol. 2016, 157, 102-111. [CrossRef]
Sabetghadam, A.; Seoane, B.; Keskin, D.; Duim, N.; Rodenas, T.; Shahid, S.; Sorribas, S.; Guillouzer, C.L.;
Clet, G.; Tellez, C.; et al. Metal organic framework crystals in mixed-matrix membranes: Impact of the
filler morphology on the gas separation performance. Adv. Funct. Mater. 2016, 26, 3154-3163. [CrossRef]
[PubMed]

Khayet, M.; Garcia-Payo, M.C. X-ray diffraction study of polyethersulfone polymer, flat-sheet and hollow
fibers prepared from the same under different gas-gaps. Desalination 2009, 245, 494-500. [CrossRef]

Recio, R.; Palacio, L.; Pradanos, P; Hernandez, A.; Lozano, A.E.; Marcos, A.; de la Campa, ].G.; de Abajo, J.
Gas separation of 6fda—6fpda membranes: Effect of the solvent on polymer surfaces and permselectivity.
J. Membr. Sci. 2007, 293, 22-28. [CrossRef]

Tylkowski, N.A.G.B.a.B. Chemical Synergies: From the Lab to in Silico Modelling; De Gruyter: Berlin, Germany,
2018.

Calle, M.; Lozano, A.E.; de Abajo, J.; de la Campa, ].G.; Alvarez, C. Design of gas separation membranes
derived of rigid aromatic polyimides. 1. Polymers from diamines containing di-tert-butyl side groups.
J. Membr. Sci. 2010, 365, 145-153. [CrossRef]

Liu, Y.; Huang, J.; Tan, J.; Zeng, Y.; Ding, Q.; Zhang, H.; Liu, Y.; Xiang, X. Barrier and thermal properties
of polyimide derived from a diamine monomer containing a rigid planar moiety. Polym. Int. 2017, 66,
1214-1222. [CrossRef]

Yampolskii, Y.; Shishatskii, S.; Alentiev, A.; Loza, K. Correlations with and prediction of activation energies
of gas permeation and diffusion in glassy polymers. J. Membr. Sci. 1998, 148, 59-69. [CrossRef]

Jamil, A.; Ching, O.P,; Shariff, A.B.M. Current status and future prospect of polymer-layered silicate
mixed-matrix membranes for CO, /CHj separation. Chem. Eng. Technol. 2016, 39, 1393-1405. [CrossRef]
Bae, T-H.; Long, J.R. CO,/N, separations with mixed-matrix membranes containing mg2(dobdc)
nanocrystals. Energy Environ. Sci. 2013, 6, 3565-3569. [CrossRef]

Castarlenas, S.; Téllez, C.; Coronas, J. Gas separation with mixed matrix membranes obtained from mof
uio-66-graphite oxide hybrids. J. Membr. Sci. 2017, 526, 205-211. [CrossRef]


http://dx.doi.org/10.3390/membranes8010016
http://www.ncbi.nlm.nih.gov/pubmed/29518942
http://dx.doi.org/10.1016/S1387-1811(00)00149-9
http://dx.doi.org/10.1021/jp5117118
http://dx.doi.org/10.1051/jphys:01980004102012300
http://dx.doi.org/10.1107/S1600576716006415
http://dx.doi.org/10.1039/c2ta00675h
http://dx.doi.org/10.1126/science.aag0274
http://www.ncbi.nlm.nih.gov/pubmed/27493179
http://www.iza-structure.org/
http://dx.doi.org/10.1039/C5RA22026B
http://dx.doi.org/10.1016/j.memsci.2011.10.003
http://dx.doi.org/10.1016/j.seppur.2015.11.032
http://dx.doi.org/10.1002/adfm.201505352
http://www.ncbi.nlm.nih.gov/pubmed/29200991
http://dx.doi.org/10.1016/j.desal.2009.02.013
http://dx.doi.org/10.1016/j.memsci.2007.01.022
http://dx.doi.org/10.1016/j.memsci.2010.08.051
http://dx.doi.org/10.1002/pi.5381
http://dx.doi.org/10.1016/S0376-7388(98)00130-6
http://dx.doi.org/10.1002/ceat.201500395
http://dx.doi.org/10.1039/c3ee42394h
http://dx.doi.org/10.1016/j.memsci.2016.12.041

Membranes 2018, 8, 128 18 of 18

62. Galve, A;; Sieffert, D.; Vispe, E.; Téllez, C.; Coronas, J.; Staudt, C. Copolyimide mixed matrix membranes
with oriented microporous titanosilicate jdf-11 sheet particles. J. Membr. Sci. 2011, 370, 131-140. [CrossRef]
63. Vinoba, M.; Bhagiyalakshmi, M.; Alqaheem, Y.; Alomair, A.A.; Pérez, A.; Rana, M.S. Recent progress of fillers
in mixed matrix membranes for CO, separation: A review. Sep. Purif. Technol. 2017, 188, 431-450. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.memsci.2011.01.011
http://dx.doi.org/10.1016/j.seppur.2017.07.051
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Polymers 
	Solvents 
	Particles 

	Membranes Fabrication 
	Inorganic Particles Dispersion 
	Membranes Formation 

	Samples Characterization 

	Results and Discussion 
	Thermal Properties 
	Microstructure Characterization 
	Gas Transport Properties 
	Influence of the Particle Type 
	Influence of the Particle Content 
	Influence of the Polymer Matrix 
	Transport of Water Vapor in MMMs 


	Conclusions 
	References

