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Abstract: In order to obtained high selective membrane for industrial applications (such as natural
gas purification), mixed matrix membranes (MMMs) were developed based on polysulfone as matrix
and MCM-41-type silica material (obtained from coal fly ash) as filler. As a consequence, various
quantities of filler were used to determine the membranes efficiency on CO2/CH4 separation. The
coal fly ash derived silica nanomaterial and the membranes were characterized in terms of thermal
stability, homogeneity, and pore size distribution. There were observed similar properties of the
obtained nanomaterial with a typical MCM-41 (obtained from commercial silicates), such as high
surface area and pore size distribution. The permeability tests highlighted that the synthesized
membranes can be applicable for CO2 removal from CH4, due to unnoticeable differences between
real and ideal selectivity. Additionally, the membranes showed high resistance to CO2 plasticization,
due to permeability decrease even at high feed pressure, up to 16 bar.

Keywords: coal fly ash; gas separation; mesoporous silica; MMMs

1. Introduction

In the last decades the mixed matrix membranes (MMMs) attracted special attention,
being studied with different matrix materials and fillers in various compositions [1–4].
MMMs combine the properties of easy processability of the polymers with the superior
selectivity of the inorganic materials [5]. Obtaining MMMs can surpass the difficult and
expensive fabrication of inorganic membranes, by using polymers as the continuous matrix
and inorganic particles as filler. Generally, the MMMs attracted researcher’s attention
due to their scalability and cost-effectiveness, offering the advantage of combining the
polymers properties, thus going beyond the upper bound limit, but without notable
economic drawback [6]. In this respect, mesoporous silica materials were studied as
potential inorganic phases. Among them, MCM-41 or SBA-15 were intensively used due to
their characteristics (high specific surface, ordered structure, narrow channels). MCM-41
is a mesoporous silica developed for the first time by Mobil company in 1992, by using
cationic surfactants in basic media and 1,3,5-trimethyl benzene as swelling agent [7,8]. SBA-
15, having a hexagonal structure of cylindrical mesopores, interconnected by micropores
randomly distributed, can be synthesized by using triblock copolymers, such as Pluronic
P123 and either tetraethyl orthosilicate (TEOS) or sodium silicate used as silica source,
under acidic conditions [9,10]. The SBA-15 presents a better thermal stability than MCM-
41 [11]. Contrary to the MCM-41, containing isolated hexagonally ordered mesopores,
SBA-15 has interconnecting irregular micropores in the walls of the ordered mesopores,
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which appeared by flexible amphiphilic polyethylene chains penetration in the silica matrix.
This interconnected micro-mesoporous structure and thicker mesopore walls confer a better
thermal and hydrothermal stability for SBA-15 compared to MCM-41.

The selective MMMs could be a reliable solution for gas separation/purification if the
fabrication and operating costs are low. Furthermore, the obtaining of valuable materials
from wastes constitutes a potential solution in waste management. A cheap waste is the
fly ash, found in large quantities due to coal consumption [12,13]. Even if, nowadays, the
fly ash is used in large quantities in the construction industry, its potential as source of
interesting compounds with special properties has not yet been reached.

Therefore, finding a feasible application based on directly used of fly ash or fly ash
derived materials could significantly reduce environmental impact due to its disposal.

For example, the fly ash was used directly or modified with alkaline groups for CO2
trapper [14,15]. When CO2 contacted with the unmodified fly ash, there were observed two
phenomena: carbonation reaction (resulting calcium carbonate) and CO2 absorption [15].
From the point of view of uptake CO2 yield, a sorption capacity of approximately 180 g per
kg of dry ash was reached, at 318 K and 15 bar [15]. Additionally, the impregnation of fly
ash with amino groups (ethylenepentamine) increased the CO2 adsorption capacity up to
25% amine loading, due to chemisorption phenomenon caused by the active sites and then
decreased, as a result of low porosity influencing directly CO2 diffusion [14].

A milestone in the application of fly ash in CO2 adsorption is the regeneration of the
materials, which is typically influenced by temperature, heating rate, and flow rates [14,16].
Thus, it was demonstrated that a maximum temperature of 473 K (with an increment of
10 K/min) is sufficient for a complete regeneration of the ash in about 30 min [16], while,
in other studies the temperature was below 423 K and the time shorter [14]. This difference
could be explained by the applied gas flow rates. When the fly ash was functionalized with
amino groups, the regeneration was achieved at a temperature below 393 K, in order to
avoid the amine disruption [14].

Various studies proposed silica synthesis from coal fly ash, due to its high amount of
SiO2 and Al2O3. The silica can be further used, directly or as a filler in a polymer matrix, for
CO2 adsorption or various pollutants’ retention from wastewater [17–19]. It was observed
that, not only the amount of Si in fly ash and its recovery are important, but also the
chemical and mineralogical composition of the derived material [12]. Thus, it is necessary
to further investigate the influence of various types of fly ash, with determined Si/Al ratios
in the resulted supernatant, on the properties of the obtained silica materials [12].

Therefore, this study aimed to evaluate the obtaining MMMs based on polysulfone as
a polymer matrix and MCM-41 silica filler derived from fly ash, with direct application
in CO2 removal from natural gas, in order to solve two environmental issues (fly ash
management and CO2 reduction).

2. Materials and Methods
2.1. Obtaining Mesoporous MCM-41

In order to obtain mesoporous silica, the ash must be converted into silicate solution.
The synthesis of the mesoporous silica material followed a previous developed proce-
dure [20]. Briefly, 1 g fly ash was dried, crushed, screened, sifted, then it was mixed with
1.2 g NaOH, reagent grade, ≥98% (Sigma Aldrich, Darmstadt, Germany) and treated at
973 K for 30 min. The formed products were then dissolved in ultrapure water and placed
in a Teflon autoclave at 378 K for 24 h. The supernatant resulting after filtration was further
used as silica source.

In order to obtain the mesoporous MCM-41, a validated synthesis was applied [21,22].
Briefly, 60 mL ultrapure water were mixed with 5.6 g cetyltrimethylammonium bromide
(CTAB) (Sigma Aldrich, Darmstadt, Germany), with vigorous stirring at ambient tempera-
ture until a clear solution was obtained. The supernatant solution containing previously
obtained sodium silicate was dropwise added to the aqueous CTAB solution and stirred for
2 h. The pH of the solution was measured, being at the top limit of the basic scale (14) and
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it was corrected to 10.5 with concentrated sulfuric acid and the mixture was aged overnight.
Finally, pH was again verified and then the gel was poured into a Teflon autoclave (PARR
Instrument Company, Moline, IL, USA) and introduced in a furnace at 373 K for 48 h so
that the hydrothermal reaction can be achieved. The mixture was then cooled and filtered.
The resulted solid was dried at 378 K and then calcinated at 823 K for 6 h. The result of the
calcination is a white solid of mesoporous MCM-41. The average yield was 75–80% of the
resulting MCM-41 based on the raw material (fly ash), high enough for using a waste as
raw material.

2.2. Obtaining MMMs

The membranes were obtained by applying a previously developed procedure [21].
Briefly, the polymer matrix (polysulfone–PSF, Sigma-Aldrich, Steinheim, Germany) and the
filler (MCM-41-type mesoporous silica obtained from fly ash) were introduced in an oven
under vacuum, at 353 K and 1.2 MPa, for 2 h, in order to remove the moisture. Subsequently,
the MCM-41 material was immersed in chloroform (Sigma-Aldrich, Steinheim, Germany)
and homogenized by ultrasonication (Elma S60H–Elma Schmidbauer GmbH, Singen,
Germany), resulting in three concentrations: 15, 25, and 35 wt.% mesoporous silica in
chloroform.

After the addition of polymer pellets, the homogeneity was assured through magnetic
stirring alternated with sonication cycles. In order to obtain thin membranes and to
decrease the gas flow resistance, the polymer-mesoporous silica solutions were casted in
Petri dishes and left overnight for slow chloroform evaporation.

The membranes thickness was measured in 10 points by using a micrometer (Schut
Geometrische Meettechniek, Groningen, The Netherlands).

After the synthesis, the membranes were degassed at 353 K and 1.2 MPa for 24 h and
kept in a desiccator (Isolab Laborgerate GmbH, Eschau, Germany).

2.3. Characterization Techniques

The composition of the fly ash and the mesoporous silica was determined by X-ray
fluorescence (XRF) spectrometry analysis, made under vacuum on a ARL PERFORM’X
X-ray fluorescence (XRF) sequential spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a Rh tube as the X-ray source and 30 µm Be window.

The morphology of the silica material and the membranes was determined using a
Variable Pressure Field Emission Scanning Electron Microscope-FESEM VP (Carl Zeiss,
Oberkochen, Germany) with a resolution of 0.8 nm at 30 kV or 2.5 nm at 30 kV in VP mode.
An available free software ImageJ (https://imagej.nih.gov/ij/) was used to calculate the
particle size from SEM images. The membranes were evaluated in sections. A special
treatment of the membranes was mandatory prior to SEM analysis: the membranes were
immersed in liquid nitrogen and then they were broken, because a normal cut, by using a
blade, would result in membrane crushing and unnoticeable arrangements of particles in
the matrix could not be detected. Additionally, to assure the conductivity and the protection
of the membranes, the samples were prior covered with a gold layer of approximately
20 nm thickness [21].

Brunauer–Emmett–Teller (BET) specific surface and pore diameter were determined
from the N2 adsorption-desorption isotherms, obtained at 77 K by using an Autosorb-iQ-
C instrument (Quantachrome Instruments, Boynton Beach, FL, USA). Prior to sorption
analysis, the mesoporous silica was preheated to 453 K for degassing and cooled to room
temperature under vacuum.

X-ray diffraction (XRD) was used in order to characterize the mesoporous MCM-41,
by the means of Rigaku 600MiniFlex (Rigaku Corporation, Tokyo, Japan) with fixed Cu
Kα source (λ = 0.1514 nm) and rotating silicon strip detector. 2θ scans were performed
between 5◦ and 90◦, with a speed of 1◦/min and resolution of 0.015◦/step.

https://imagej.nih.gov/ij/
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Specific groups of the mesoporous MCM-41 were identified using Fourier transform
infrared spectroscopy (FTIR) (Cary 630, ATR-FTIR (Agilent Technologies, Inc., Santa Clara,
CA, USA).

Thermogravimetric determinations were performed using a SDT Q600 V20.5 Build 15
instrument (TA Instruments, New Castle, DE, USA). The weight changes were evaluated
under N2 atmosphere (flow rate: 100 mL/min, 99.999%vol purity), at a heating rate of
10 K/min in the 303–1073 K range.

2.4. Gas Permeability Tests

The experimental set up used for membranes testing, in terms of establishing their
permeabilities, was previously designed [21]. The membranes were tested with pure gases
(CO2 and CH4) and with CO2/CH4 mixture (30/70), in order to compare the ideal and real
selectivity, to see if they are suitable for industrial applications. The experimental set-up
was modified in order to obtain an improved certainty (Figure 1).
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Figure 1. Membrane cell set-up.

Briefly, the main component of the installation consisted in two stainless steel plates
with two O-rings between them for membrane sealed. After introducing the membrane, the
stainless-steel plates were tightened with screws. The O-ring with the small diameter pro-
vided the membrane sealing and the big one allowed monitoring the potential appearance
of leaks on the first O-ring during the operation. The first check of the membrane sealing
was performed through vacuum pump, providing also the evacuation of the residual gases
from gas channel and membrane cell. After the cleaning step, the gas mixtures feed was
established at 1 bar, up to membrane chamber, and the permeation gases were on-line
monitored and analyzed by using a Varian CP-3800 gas chromatograph (Varian, Walnut
Creek, CA, USA) connected to the downside of the chamber through a stainless-steel
channel. The permeation tests were considered finished after no changes of selectivity were
observed in the permeated gas.

Three permeability tests were achieved for the same membrane in order to confirm
the repeatability.
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3. Results and Discussion
3.1. Mesoporous MCM-41 Characterization

The XRF elemental analysis of the samples is compiled in Table 1.

Table 1. XRF data of the fly ash and MCM-41 obtained from coal ash.

Element Fly Ash (%wt.) * Est. Error MCM-41 (%wt.) ** Est. Error

Si 23.4300 0.1200 45.5400 0.0400
Al 14.6500 0.1200 0.0670 0.0054
Fe 6.7200 0.1000 0.0178 0.0009
K 3.1100 0.0800 0.0176 0.0010
Ca 2.6200 0.0700 0.0077 0.0006
Mg 1.0800 0.0400 - -
Ti 0.7390 0.0300 - -
S 0.3500 0.0170 - -

Na 0.4210 0.0310 0.6300 0.0310
P 0.0953 0.0048 -

Ba 0.0883 0.0044 -
Mn 0.0551 0.0028 -
V 0.0276 0.0014 -
Sr 0.0409 0.0020 -
Cr 0.0268 0.0013 -
Zr 0.0211 0.0011 -
Ni 0.0195 0.0010 -
Zn 0.0194 0.0010 -
Rb 0.0178 0.0009 -
Cu 0.0131 0.0007 -
Ce 0.0116 0.0024 -

* Total O (%wt.) = 53.0700; ** Total O (%wt.) = 46.4000.

As it can be seen, the Si content of the fly ash is quite high (23.43%). The Si content
of the obtained mesoporous silica is 45.54%, similar with the content of Si from MCM-41
obtained from classical synthesis.

The resulted mesoporous material was investigated by emission field scanning elec-
tron microscopy operated at a voltage of 10 kV (Figure 2).
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It can be observed that the obtained MCM-41 displayed a morphology approaching
spherical and partially elongated shapes (with average particle size of 250 nm), simi-
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lar with the morphology of typical MCM-41 synthesized from commercial silicate or
wastes [12,21,22]. EDX analysis revealed strong intensity for Si and O as shown in Figure 3,
confirming silica as the predominant element in the sample. The results revealed a content
of about 40% by weight Si in the resulted mesoporous MCM-41 silica.
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N2 adsorption–desorption isotherms (Figure 4), obtained at 77 K, correspond to a
typical type IV isotherm, according to IUPAC definition.
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The BET surface area for MCM-41 was 1060 m2/g, indicating a mesoporous material,
similar to MCM-41 obtained when using commercial silicate as silica source [20]. The BJH
method revealed an average pore diameter of 2.89 nm (Figure 4).

Figure 5 shows the X-ray diffraction for the silica resulting from the coal ash.
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Figure 5. XRD for the MCM-41 obtained from coal ash.

The diffraction peaks of 2θ = 21◦, 27◦, 28◦, 31◦, 36.5◦, 40◦, 42.5◦, 50◦, and 68◦ indicated
the presence of SiO2 (01-075-3168), crystobalite alpha (01-080-3753), and synthetic crysto-
balite (00-011-0695) with hexagonal P41212, P3221, and hexagonal P41212 crystal structures
symmetries. In the crystobalite alpha form, the lattice constants (a, b) were 4.743 Å, and
c constant was 6.289 Å. For the synthetic form of crystobalite, the lattice constants had
slightly increased values, a, b being 4.834 Å and c had also an increased value of 6.835 Å.
For the silica phase a, b was 3.260 Å and c was 4.340 Å. The phase of silica (SiO2) is a highly
ordered superstructure having the lattice constants a, b equal (a = b = 3.260 Å) and high
lattice constant value c of 10.610 Å. All the identified phases were in accordance with the
previous XRD results, with the difference that the constitutive phases were detected in
various proportions, XRD peaks being more or less pronounced [23].

Figure 6 presents the FTIR spectra of the obtained MCM-41.
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The CTAB was completely eliminated during calcination, the proof being the absence
of the peaks corresponding to d-C–H vibrations [24,25]. The bandwidth from 3400 cm−1

appeared due to the surface silanols and the adsorbed water molecules. The peak from
1636 cm−1 was assigned to the deformation mode of the hydroxyl group existent on the
silica surface. The band at 1060 cm−1 was attributed to the asymmetric stretching of the
Si–O–Si. The band at 790 cm−1 was due to the Si–O–Si bending and the band at 450 cm−1

was due to the Si–O–Si rocking [26,27]. At 965 cm−1 a band appeared due to the stretching
of Si–OH and Si–O– groups from the surface, the respective band had the weak broad
shoulder at about 540 cm−1 [25].

TG analysis of the mesoporous MCM-41 (Figure 7) revealed two intervals of weight
loss, the first one being caused by the loss of the water from the silica surface, the second
one being assigned to the mesoporous structure disruption [21,28].
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The total mass loss for the MCM-41 was about 5.25%.

3.2. Membrane Characterization

The micrometer measurements revealed that the obtained membranes had a mean
thickness around 30 µm (Figure 8).
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Taking into account the resulting SEM cross-section micrograph images (Figure 9a–c)
of the membranes, it seems that the mesoporous particles were well dispersed in the
polymer matrix and no cracks were identified. Additionally, there were observed silica
nanoparticles agglomerations, forming probably some unselective channels. These ag-
glomerations were more pronounced in the case of the membranes obtained with higher
quantities of particles, due to the presence of hydrogen bond. In the neat membrane (poly-
mer only) and 15% MCM-41/PSF (Figure 9a) no gaps formation was observed, but they
appeared in the case of 25% MCM-41/PSF (Figure 9b) and 35% MCM-41/PSF (Figure 9c),
even if the penetration of polymer chain was achieved.
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Figure 10 presents the thermogravimetric curves for the synthesized membranes,
indicating a small weight loss up to 503 K (230 ◦C), confirming the loss of residual water or
organic solvent [29,30].
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Figure 10. TG analysis of the membranes.

The polymer chain disruption occurred after 723 K (450 ◦C), proving that the mem-
brane is thermally stable up to this temperature. The residues weights obtained up to 1073 K
(800 ◦C) were directly proportional with the silica filler, confirming that the membranes
were homogenous.

The tendency of the first weight loss was similar especially for 15% and 35% filler,
but at the final of the analysis the more thermal stable membrane was the 35% MCM-
41/PSF followed by 25, 15, and PSF membranes. The thermal stability increased with the
filler loading due to formation of inorganic–organic nanocomposites. Water content was
correlated with the membrane hydrophilic property [30]. It was obvious that the water
content increased by increasing the weight percent of the MCM-41 filler. Disjunction of the
polymer chain due to the filler created spaces in the PSF matrix, leading to water content
increase.

Figure 11 presents FTIR spectra for the neat membrane and for the MMMs with
15–35 wt.% silica.

In the MMMs spectra, the vibration band characteristic to Si–O–Si, at 1100 cm−1 is
covered by the intensity of the polysulfone matrix [31]. Additionally, the typical bands
for polysulfone matrix were observed: at 831 cm−1 attributed to C–H bond; at 1010 and
1100 cm−1 assigned to C–C bond; at 1144 and 1315 cm−1 attributed to Ar–SO2–Ar (Ar–
aromatic); at 1233 cm−1 assigned to Ar–O–Ar stretching [32]. The MCM-41 insertion
influenced the intensity of the bands presented in the matrix.
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3.3. Membrane Testing/Gas Permeation

For gas permeation test, pure gases and gas mixture (CO2/CH4) were used in order
to determine the ideal and real selectivity. All membranes were tested under the same
conditions, at 1 bar feed pressure and 297 K. The neat membrane was obtained using only
polysulfone polymer dispersed in the same solvent, without adding silica filler.

Figure 12 shows the permeability for pure gases (CO2 and CH4), whereas Figure 13
presents their ideal versus real selectivity. The error for the CO2 and CH4 permeability
was ±5%.
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In addition, the obtained data were introduced in Table 2 to better evaluate the
differences between ideal and real selectivity.

Table 2. Permeability and selectivity results of the membranes obtained with pure and gas mixture.

Silica Loading
wt.%

Permeability, Barrer Ideal Selectivity
(PCO2/PCH4)

Real Selectivity
(CO2/CH4–30/70%)CO2 CH4

0 3.58 ± 0.18 0.16 ± 0.01 22.4 20.3

15 7.23 ± 0.37 0.33 ± 0.02 21.9 18.9

25 8.67 ± 0.43 0.41 ± 0.02 21.1 18.2

35 14.52 ± 0.73 0.83 ± 0.04 17.5 15.3

The kinetic diameter difference between the two gas molecules, namely CH4 (3.8 Å)
and CO2 (3.3 Å) is considered an important vector for the mixed matrix membrane separa-
tion by sieving mechanism, while the gas separation mechanism for polymeric membranes
is based on solution-diffusion of gas molecules [2]. Therefore, the increase of permeability
is justified by the increase of silica loading, because the gas molecules will not meet high re-
sistance through the formed mesoporous channels. Thus, the CO2 permeability for the 35%
MCM-41/PSF membrane was over four times higher comparing with the neat membrane,
increasing from 3.58 to 14.52 Barrer. A small difference for CO2 permeability was observed
in the case of 15% and 25% MCM-41/PSF, which were about two times higher than the
PSF neat membrane. Regarding the CH4 permeability values obtained for all silica-filled
membranes, these were significantly lower, contributing to the idea that the membranes
act as selective barriers. As it was expected, the most selective membrane was the neat
membrane, but no significant changes were observed for 15% and 25% MCM-41/PSF. A
noticeable loss of selectivity was remarked for 35% MCM-41/PSF, from 22.4 (for the neat
membrane) to 17.5, but this can be sustained taking into account the high quantity of
filler in the membrane, contributing to particles agglomeration and, consequently, to small
disruption of the polymer chain and unselective voids appearance.

The performance of the obtained membranes was also evaluated by using a CO2/CH4
mixture (30/70) in order to assess the effect of the second gas on the selectivity, by its
interaction with the membrane materials or both gases penetrant competition.
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Regarding the calculated selectivity, it can be highlighted a small difference between
the values, the real selectivity slightly decreasing, indicating that the synthesized mem-
branes exhibit the separation performances even with gas mixture.

The membrane plasticization caused by CO2 was also investigated through several
permeability tests with pure CO2 at different feed pressures, from 2 to 16 bar. The 35%
MCM-41/PSF membrane was subjected to permeability tests and the permeability evolu-
tion is represented in Figure 14.
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The CO2 permeability remained almost constant up to 4 bar and decreased up to
16 bar, suggesting that the plasticization is missing, because this phenomenon typically
causes the increase of permeability with the pressure increasing [33–35]. Additionally,
in the case of gas mixture test, the membrane showed high resistance and the same
tendency was observed as in the case of single gas testing. As it was demonstrated in
other studies, the plasticization effect of neat PSF membrane appeared after high feed
pressure of approximately 30 bar [34]. Therefore, the synthesized 35% MCM-41/PSF
membrane presented high resistance to plasticization, being available for processes which
work at high pressures. Once the feed pressure increases, it is obvious that the efficiency of
membranes would decrease, being also suitable for processes which release carbon dioxide
in atmosphere, such as fuel combustion.

The obtained data for CO2/CH4 were evaluated against the Robeson limit [36]. The
general trade-off between permeability and selectivity was first quantified by Robeson in
1991, when he identified upper bounds in plots of log (Px/Py) versus log Px for gas pairs
based on the gas permeability of the best performing polymers at that moment. In 2008,
Robeson updated all of the upper bounds using initial data for two spirobisindane-based
polymers, having rigid and contorted macromolecular structures that provided very good
high permeability with moderate selectivity. Figure 16 compares the effectiveness of the
membranes over the pure PSF membrane (neat membrane) for permeability of gases.
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As it can be observed, the values are below the Robeson upper bound, but this fact
does not mean that the membranes could not be applicable for natural gas separation, these
new membranes having a potential significant contribution to the understanding of gas
transport in mesoporous fillers and sulfonated polymers based MMMs. The data points for
the membranes were in the region of conventional polymeric membranes, their separation
performance being lower than that of thermally rearranged (TR) polymeric membranes or
zeolite membranes [36]. Furthermore, most of the polymeric membranes performing in the
region close to upper-bound have other drawbacks (such as CO2 plasticization even when
low pressures were applied) [29].

Future optimization of obtaining parameters for these membranes could potentially
drive to more CO2 selective ultimately extremely competitive membranes. Additionally, as
it was previous demonstrated, by functionalizing the fillers with suitable amino groups,
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the separation performances of the membrane could be improved, due to the enhancement
of the interfacial asset between the filler and the polymer matrix [21,37].

The performances of the obtained MMMs are comparable with other membranes
developed from various fillers and matrix, as it can be seen in Table 3.

Table 3. Different MMMs performances.

Mixed Matrix Membrane

Permeability
(Barrer) Ideal Selectivity

(PCO2/PCH4)
Testing Condition Reference

CO2 CH4

5% MOF-5/PI ~3 ~0.4 ~7.5 1 Bar, 298 K [38]

5% CuMOF-5/PI ~4 ~0.5 ~8.0 1 Bar, 298 K [38]

5% CuCoMOF-5/PI ~4.2 ~0.5 ~8.4 1 Bar, 298 K [38]

10% MCM-41/PSF 10.5 0.6 17.5 2 Bar, 298 K [39]

20% MCM-41/PSF 11.4 0.6 19.0 2 Bar, 298 K [39]

30% MCM-41/PSF 20.5 1.0 20.5 2 Bar, 298 K [39]

10% MCM-41/PSF 6.6 0.3 22.0 4.04 Bar, 308 K [40]

20% MCM-41/PSF 7.8 0.3 26.0 4.04 Bar, 308 K [40]

40% MCM-41/PSF 14.8 1.0 14.8 4.04 Bar, 308 K [40]

5% 4A Zeolite/Pebax-1657 71.4 2.2 32.5 4.9 Bar, 308 K [41]

10% 4A Zeolite/Pebax-1657 97.0 3.7 26.2 4.9 Bar, 308 K [41]

20% 4A Zeolite/Pebax-1657 113.7 6.5 17.5 4.9 Bar, 308 K [41]

30% 4A Zeolite/Pebax-1657 155.8 19.7 7.9 4.9 Bar, 308 K [41]

It can be observed that, in the case of the MMMs obtained from metal doped MOF-5
and polyimide (PI), the permeability and the selectivity was significantly lower, even at
lower filler loadings and despite the higher active surface of MOFs versus MCM-41 [38].
When comparing with similar membranes based on MCM-41 (synthesized from commercial
materials) as filler and PSF as matrix, tested in different conditions [39,40], it can be
remarked that the results were in the same range with the membranes obtained in this
study, below the Robeson upper limit. Although the CO2 permeability was significantly
higher for 4A Zeolite/Pebax-1657 membranes for all loadings at higher testing pressure (4.9
Bar), the selectivity was lower for 20% and 30% loading [41], comparing with the values
obtained in the present study (Table 1).

4. Conclusions

MMMs have gained over the last decade intense interest due to their potential to
surpass the performance trade-off manifested by the traditional polymeric membranes.
MMMs were easily synthesized using mesoporous silica as filler. In order to obtain the
silica mesoporous material, coal fly ash was used as raw material. The characterization
techniques proved that the materials have similar morphology with a typical MCM-41-
silica material. The MCM-41 from fly ash presented large surface area and narrow ordered
pores, which constitutes advantages in gas separation performances when it is introduced
in a polysulfone matrix.

The use of ordered mesoporous silica MCM-41 to manufacture MMMs not only
enhanced the filler dispersion and interaction with the polysulfone (highlighted by SEM,
TG and FTIR) but also induced a significant augmentation of the separation performance.
The tests illustrated that the mixed membranes manifest better gas separation qualities
than a neat polysulfone membrane.

The permeability experiments and determination of real and ideal selectivity showed
encouraging results on the application of these membranes in industrial processes, such
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as natural gas purification. Slight differences were observed between the real and ideal
selectivity, the membranes efficiency prevailing even with CO2/CH4 mixture (30/70).

Author Contributions: M.G.M.: Conceptualization, methodology; investigation; data curation; writ-
ing and reviewing. V.-C.N.: Conceptualization, methodology; data curation; supervision; writing,
reviewing and editing. C.F.: Visualization, investigation. Data curation; validation. M.S.R.: Visualiza-
tion, investigation. Data curation; validation. G.N.: Methodology; investigation. All authors have
read and agreed to the published version of the manuscript.

Funding: Part of this research was financially supported by the Romanian Ministry of Education and
Research, under NUCLEU Program-Financing Contract no. 9N/2019, under Project PN 19 11 03 01
and the other part of the research was financed by the Romanian Ministry Education and Research,
UEFISCDI Authority, under project PN-III-P1-1.2-PCCDI-2017-0776/No. 36 PCCDI/15.03.2018 and
by the Operational Program Human Capital of the Ministry of European Funds through the Financial
Agreement 51668/09.07.2019, SMIS code 124705.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time due to legal or ethical reasons.

Acknowledgments: The authors are grateful to Amalia Soare and Stanica Enache, from the National
Research and Development Institute for Cryogenics and Isotopic Technologies—ICSI Rm. Valcea,
Romania, for the support offered with Scanning Electron Microscopy and XRD measurements. The
authors also want to express their gratitude to Anton Ficai, from University Politehnica of Bucharest
(Faculty of Applied Chemistry and Materials Science, Department of Science and Engineering
of Oxide Materials and Nanomaterials) for the support offered with XRF measurements (XRF
Spectrometer available at the Food Safety Lab-CNpSA—financed by European Union through
POSCCE-A2-O2.2.1-2013-1/Priority Axe 2-Project no. 638/12.03.2014/1970).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Burmann, P.; Zornoza, B.; Tellez, C.; Coronas, J. MMMs comprising MOFs and porous silicate fillers prepared via spin coating for

gas separation. Chem. Eng. Sci. 2014, 107, 66–75. [CrossRef]
2. Zhang, Y.; Sunarso, J.; Liu, S.; Wang, R. Current status and development of membranes for CO2/CH4 separation: A review. Int. J.

Greenh. Gas. Con. 2013, 12, 84–107. [CrossRef]
3. Fernández-Barquín, A.; Casado-Costerillor, C.; Palomino, M.; Valencia, S.; Irabien, A. Permselectivity improvement in membranes

for CO2/N2 separation. Sep. Purif. Technol. 2016, 157, 102–111. [CrossRef]
4. Weng, T.H.; Tseng, H.H.; Wey, M.Y. Fabrication and characterization of poly(phenylene oxide)/SBA-15/carbon molecule sieve

multilayer mixed matrix membrane for gas separation. Int. J. Hydrogen Energy 2010, 35, 6971–6983. [CrossRef]
5. Doong, S.J. Membranes, adsorbent materials and solvent—Based materials for syngas and hydrogen separation. Funct. Mater.

Sustain. Energy Appl. 2012, 7, 179–216. [CrossRef]
6. Chuah, C.Y.; Goh, K.; Yang, Y.; Gong, H.; Li, W.; Karahan, H.E.; Guiver, M.D.; Wang, R.; Bae, T.H. Harnessing filler materials for

enhancing biogas separation membranes. Chem. Rev. 2018, 118, 8655–8769. [CrossRef]
7. Kresge, C.T.; Leonowics, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S. Ordered mesoporous molecular sieves synthesized by a liquid

crystal template mechanism. Lett. Nat. 1992, 369, 710–712. [CrossRef]
8. Beck, J.S.; Vartulli, J.C.; Roth, W.J.; Leonowics, M.E.; Kresge, C.T.; Schmidt, K.D.; Chu, C.T.W.; Olson, D.H.; Sheppard, E.W.;

McCullen, S.B.; et al. A new family of mesoporous molecular sieves prepared with liquid crystal templates. J. Am. Chem. Soc.
1992, 114, 10834–10843. [CrossRef]

9. Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G.F.; Chmelka, B.F.; Stucky, G.D. Triblock copolymer syntheses of mesoporous
silica with periodic 50 to 300 angstrom pores. Science 1998, 279, 548–552. [CrossRef]

10. Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B.F.; Stucky, G.D. Nonionic triblock and star diblock copolymer and oligomeric surfactant
syntheses of highly ordered, hydrothermally stable, mesoporous silica structures. J. Am. Chem. Soc. 1998, 120, 6024–6036.
[CrossRef]

11. Zhang, F.; Yan, Y.; Yang, H.; Meng, Y.; Yu, C.; Tu, B.; Zhao, D. Understanding effect of wall structure on the hydrothermal stability
of mesostructured silica SBA-15. J. Phys. Chem. B 2005, 109, 8723–8732. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ces.2013.12.001
http://doi.org/10.1016/j.ijggc.2012.10.009
http://doi.org/10.1016/j.seppur.2015.11.032
http://doi.org/10.1016/j.ijhydene.2010.04.024
http://doi.org/10.1533/9780857096371.2.179
http://doi.org/10.1021/acs.chemrev.8b00091
http://doi.org/10.1038/359710a0
http://doi.org/10.1021/ja00053a020
http://doi.org/10.1126/science.279.5350.548
http://doi.org/10.1021/ja974025i
http://doi.org/10.1021/jp044632+
http://www.ncbi.nlm.nih.gov/pubmed/16852033


Membranes 2021, 11, 78 17 of 18

12. Majchrzak-Kuceba, I.; Nowak, W. Characterization of MCM-41 mesoporous materials derived from polish fly ashes. Int. J. Miner.
Process. 2011, 101, 100–111. [CrossRef]

13. Dindi, A.; Quang, D.V.; Vega, L.F.; Nashef, E.; Abu-Zahra, M.R.M. Applications of fly ash for CO2 capture, utilization, and storage.
J. CO2 Util. 2019, 29, 82–102. [CrossRef]

14. Zhao, C.; Guo, Y.; Yan, J.; Sun, J.; Li, W.; Lu, P. Enhanced CO2 sorption capacity of amine-tethered fly ash residues derived from
co-firing of coal and biomass blends. Appl. Energy 2019, 242, 453–461. [CrossRef]

15. Mazzella, A.; Errico, M.; Spiga, D. CO2 uptake capacity of coal fly ash: Influence of pressure and temperature on direct gas-solid
carbonation. J. Environ. Chem. Eng. 2016, 4, 4120–4128. [CrossRef]

16. Guo, Y.; Zhao, C.; Chen, X.; Li, C. CO2 capture and sorbent regeneration performances of some wood ash materials. Appl. Energy
2015, 137, 26–36. [CrossRef]

17. Li, G.; Wang, B.; Sun, Q.; Xu, W.; Han, Y. Adsorption of lead ion on amino-functionalized fly-ash-based SBA-15 mesoporous
molecular sieves prepared via two-step hydrothermal method. Micropor. Mesopor. Mat. 2017, 252, 105–115. [CrossRef]

18. Wang, B.; Zhou, Y.; Li, L.; Xu, H.; Sun, Y.; Wang, Y. Novel synthesis of cyano-functionalized mesoporous silica nanospheres (MSN)
from coal fly ash for removal of toxic metals from wastewater. J. Hazard. Mater. 2018, 345, 76–86. [CrossRef]

19. Asl, S.M.H.; Javadian, H.; Khavarpour, M.; Belviso, C.; Taghavi, M.; Maghsudi, M. Porous adsorbents derived from coal fly ash as
cost-effective and environmentally-friendly sources of aluminosilicate for sequestration of aqueous and gaseous pollutants: A
review. J. Clean. Prod. 2019, 208, 1131–1147.

20. Niculescu, V.-C.; Miricioiu, M.; Enache, S.; Constantinescu, M.; Bucura, F.; David, E. Optimized method for producing mesoporous
silica from incineration ash. Prog. Cryog. Isot. Sep. 2019, 22, 65–76.

21. Miricioiu, M.G.; Iacob, C.; Nechifor, G.; Niculescu, V.C. High Selective Mixed Membranes Based on Mesoporous MCM-41 and
MCM-41-NH2 Particles in a Polysulfone Matrix. Front. Chem. 2019, 7, 1–10. [CrossRef] [PubMed]

22. Niculescu, V.; Ene, R.; Iordache, I.; Parvulescu, V. Hybrid materials obtained by nickel immobilization on mesoporous MCM-41
and their application in alcohols oxidation. Prog. Cryog. Isot. Sep. 2012, 15, 97–104.

23. Salam, M.S.A.; Betiha, M.A.; Shaban, S.A.; Elsabagh, A.M.; Abdel-Aal, R.M.; El kady, F.Y. Synthesis and characterization of
MCM-41-supported nano zirconia catalysts. Egypt. J. Pet. 2015, 24, 49–57. [CrossRef]

24. Hoang, V.D.; Dang, T.P.; Dinh, Q.K.; Nguyen, H.P.; Vu, A.T. The synthesis of novel hybrid thiol-functionalized nano-structured
SBA-15. Adv. Nat. Sci. Nanosci. Nanotechnol. 2010, 1, 035011. [CrossRef]

25. Liang, X.; Xu, Y.; Sun, G.; Wang, L.; Sun, Y.; Qin, X. Preparation, characterization of thiol-functionalized silica and application for
sorption of Pb2+ and Cd2+. Colloid. Surface A Physicochem. Eng. Asp. 2009, 349, 61–68. [CrossRef]

26. Yoshino, H.; Kamiya, K.; Nasu, H. IR Study on the Structural Evolution of Sol-Gel Derived SiO2 Gels in the Early Stage of
Conversion to Glasses. J. Non-Cryst. Solids 1990, 126, 68–78. [CrossRef]

27. Imoisili, P.E.; Ukoba, K.O.; Jen, T.-C. Green technology extraction and characterisation of silica nanoparticles from palm kernel
shell ash via sol–gel. J. Mater. Res. Technol. 2020, 9, 307–313. [CrossRef]

28. Imoisili, P.E.; Ukoba, K.O.; Jen, T.-C. Synthesis and characterization of amorphousmesoporous silica from palm kernel shell ash.
Bol. Soc. Esp. Ceram. V. 2020, 59, 159–164. [CrossRef]

29. Khan, A.L.; Klaysom, C.; Gahlaut, A.; Li, X.; Vankelecom, I.F.J. SPEEK and functionalized mesoporous MCM-41 MMMs for CO2
separations. J. Mater. Chem. 2012, 22, 20057–20064. [CrossRef]

30. Jomekian, A.; Shafiee, A.; Moradian, A. Synthesis of new modified MCM-41/PSF nanocomposite membrane for improvement of
water permeation flux. Desalination Water Treat. 2012, 41, 53–61. [CrossRef]

31. Razvan, A.; Popa, D.F.; Oprea, O.; Vasile, E.; Dumitru, F.; Nechifor, G. Ultrafiltration MMMs based on mesoporous silica (MCM-41,
HMS) embedded in polysulfone. Rev. Chim. 2019, 70, 3089–3093. [CrossRef]

32. Zornoza, B.; Irusta, S.; Tellez, C.; Coronas, J. Mesoporous silica sphere-polysulfone MMMs for gas separation. Langmuir 2009, 25,
5903–5909. [CrossRef] [PubMed]

33. Li, Y.; Chung, T.S.; Kulprathipanja, S. Novel Ag+-Zeolite/Polymer MMMs with a high CO2/CH4 selectivity. AIChE J. 2007, 53,
610–616. [CrossRef]

34. Bos, A.; Punt, I.G.M.; Wessling, M.; Strathmann, H. CO2-induced plasticization phenomena in glassy polymers. J. Membr. Sci.
1999, 155, 67–78. [CrossRef]

35. Ismail, A.F.; Lorna, W. Penetrant-induced plasticization phenomenon in glassy polymers for gas separation membrane. Sep. Purif.
Technol. 2002, 27, 173–194. [CrossRef]

36. Robeson, L.M. The upper bound revisited. J. Membr. Sci. 2008, 320, 390–400. [CrossRef]
37. Suhaimi, N.H.; Yeong, Y.F.; Mann Ch’ng, C.W.; Jusoh, N. Tailoring CO2/CH4 Separation Performance of MMMs by Using ZIF-8

Particles Functionalized with Different Amine Groups. Polymers 2019, 11, 2042. [CrossRef]
38. Ozen, H.A.; Ozturk, B. Gas separation characteristic of mixed matrix membrane prepared by MOF-5 including different metals.

Sep. Purif. Technol. 2019, 211, 514–521. [CrossRef]
39. Reid, B.D.; Ruiz-Trevino, F.A.; Musselman, I.H.; Balkus, K.J.; Ferraris, J.P. Gas permeability properties of polysulfone membranes

containing the mesoporous molecular sieve MCM-41. Chem. Mater. 2001, 13, 2366–2373. [CrossRef]

http://doi.org/10.1016/j.minpro.2011.09.002
http://doi.org/10.1016/j.jcou.2018.11.011
http://doi.org/10.1016/j.apenergy.2019.03.143
http://doi.org/10.1016/j.jece.2016.09.020
http://doi.org/10.1016/j.apenergy.2014.09.086
http://doi.org/10.1016/j.micromeso.2017.06.004
http://doi.org/10.1016/j.jhazmat.2017.10.063
http://doi.org/10.3389/fchem.2019.00332
http://www.ncbi.nlm.nih.gov/pubmed/31263688
http://doi.org/10.1016/j.ejpe.2015.02.005
http://doi.org/10.1088/2043-6262/1/3/035011
http://doi.org/10.1016/j.colsurfa.2009.07.052
http://doi.org/10.1016/0022-3093(90)91024-L
http://doi.org/10.1016/j.jmrt.2019.10.059
http://doi.org/10.1016/j.bsecv.2019.09.006
http://doi.org/10.1039/c2jm34885c
http://doi.org/10.1080/19443994.2012.664678
http://doi.org/10.37358/RC.19.9.7494
http://doi.org/10.1021/la900656z
http://www.ncbi.nlm.nih.gov/pubmed/19391574
http://doi.org/10.1002/aic.11109
http://doi.org/10.1016/S0376-7388(98)00299-3
http://doi.org/10.1016/S1383-5866(01)00211-8
http://doi.org/10.1016/j.memsci.2008.04.030
http://doi.org/10.3390/polym11122042
http://doi.org/10.1016/j.seppur.2018.09.052
http://doi.org/10.1021/cm000931+


Membranes 2021, 11, 78 18 of 18

40. Kim, S.; Marand, E. High permeability nano-composite membranes based on mesoporous MCM-41 nanoparticles in a polysulfone
matrix, Microporous and Mesoporous. Materials 2008, 114, 129–136.

41. Murali, R.S.; Ismail, A.F.; Rahman, M.A.; Sridhar, S. MMMs of Pebax-1657 loaded with 4A zeolite for gaseous separations. Sep.
Purif. Technol. 2014, 129, 1–8. [CrossRef]

http://doi.org/10.1016/j.seppur.2014.03.017

	Introduction 
	Materials and Methods 
	Obtaining Mesoporous MCM-41 
	Obtaining MMMs 
	Characterization Techniques 
	Gas Permeability Tests 

	Results and Discussion 
	Mesoporous MCM-41 Characterization 
	Membrane Characterization 
	Membrane Testing/Gas Permeation 

	Conclusions 
	References

