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The development of membrane technology for gas separationpcesses evolved with
the fabrication of so-called mixed matrix membranes (MMMs3s an alternative to neat
polymers, in order to improve the overall membrane effectaness. Once the mixed matrix
membranes are used, the gas separation properties of the paus materials used as llers
are combined with the economical processability and desifale mechanical properties
of polymer matrix. Mixed mesoporous silica/polymer membnaes with high CO, and

O, permeability and selectivity were designed and prepared bincorporating MCM-41

particles into a polymer matrix. Ordered mesoporous silicéCM-41 with high surface
conrmed by BET analysis were obtained and functionalized wh amino groups. In
order to obtain the mixed membranes, the mesoporous silica ws embedded into the

polysulfone matrix (PSF). Flat mixed matrix membranes with 10, and 20 wt% MCM-41

and MCM-41-NH, loadings have been prepared via the polymer solution castin
method. The phase's interactions were studied using scanmig electron microscopy
(SEM), X-ray diffraction (XRD), Fourier transformed infed spectroscopy (FTIR) and
thermogravimetry (TGA), while the gas separation performaes were evaluated using
pure gases (CQ, Oz, Ny). The MCM-41/PSF and MCM-41-NH/PSF membranes
exhibited increased permeabilities for @ (between 1.2 and 1.7 Barrer) and CQ (between

4.2 and 8.1 Barrer) compared to the neat membrane (0.8 Barr@r The loss of selectivity
for the O,/N, (between 6 and 8%) and CQ/N, (between 25 and 41%) gas pairs
was not signi cant compared with the pure membrane (8 and 39% respectively). The
MCM-41/PSF membranes were more selective for C&N, than the O,/N, pair, due

to the size difference between CQ and N, molecules and to the condensability of
COy, leading to an increase of solubility. Stronger interactits have been noticed for
MCM-41-NH»/PSF membranes due to the amino groups, with the selectivitincreasing
for both gas pairs compared with the MCM-41/PSF membranes.

Keywords: gas separation, mesoporous silica (MCM-41), mixed matrix membrane (MMM), nanoparticles,

polysulfone
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INTRODUCTION The mesoporous silica materials, such as MCM-41 or MCM-48,
due to their pore diameters (2—5 nm) and high surface areagwer
Membrane-based gas separation processes are relatively néMsidered good candidates for the fabrication of mixednirat
technologies and have received signi cant attention due tnembranesRavikovitch and Neimark, 2000; Schumacher et al.,
their main advantages, such as being environmentally dfign  2000: Zornoza et al., 2009: Zhao et al., 3016
simplicity, and low operating cosZprnoza et al., 2009, 2013;  Generally, the membranes containing mesoporous silica
Lietal, 2012; Yu et al,, 2012; Zhang et al., 2013; Rezakazegsi |ler can be produced by three methods: (a) direct
et al., 201) These advantages are not enough if the membrangixing/blending of the silica nanoparticles into the polymer
fabrication is laborious and costly, as in the case of inoiga matrix, (b) a sol-gel method in which the silica nanoparticle
membranes. Therefore, the mixed membranes could be a viakd@n be synthesizedd situin the presence of a preformed organic
solution for the conventional separation processes (pressuiglymer, and (c)n situ polymerization involving the dispersion
swing adsorption, thermal swing adsorption and cryogenif the silica in the monomer before the polymerization is zair
distillation) once the drawbacks are overcome. out (Chen et al., 2096 In this work, the rst method was
The polymeric membranes were intensively studied bukdopted after obtaining the silica nanoparticles by a sol-gel
other limitations appeared, such as the trade-o between thgynthesis. Modi cation of the mesoporous materials with origa
permeability and the selectivity of the membrane, accordingroups is required to enhance their speci ¢ sorption capagities
to Robeson curvesK(m and Marand, 2008; Robeson, 2008 and e ective methods for functionalization with appropriate
Taking this aspect into account, the glassy polymer membrangsodi cation agents are crucial for advancing their practica
are characterized by high selectivity and low permeability, application Kim et al., 2015a
comparison to rubbery polymer membranes which present high The main goal of this study was the development of mixed
permeability and low selectivityezakazemi et al., 2014 matrix membranes based on mesoporous silica and polysulfone
The development of the ideal membranes (defect-fre¢PSF) polymer and the demonstration of their higher separation
membranes), suitable for gas separation processes, at eddson performances toward the neat membranes. Polysulfone was
costs, remains a challenge that can possibly be overcome by telected as the membrane matrix due to its permeability-
synthesis of so-called mixed matrix membranes. These are &electivity combination close to Robeson's “upper bound’orgi
alternative to commercial neat polymeric membranes and als(Robeson, 2008Furthermore, PSF has been previously used as
to inorganic membranes, by combining their advantageshsisc  a matrix for zeolite composite membranesuval et al., 1994;
the easy processability of the polymers, with high gas separati Suer et al., 1994; Battal et al., 1995; Hamid and Jeong).2018
properties of the llers Radu et al., 2094 The preparation and characterization of the mixed membranes
The separation properties of the membranes are directlis described for several mesoporous silica loadings. Auldgitly,
dependent on both the pore structure of the materials embeddeghe permeabilities of Bl O, and CQ at ambient temperature
in the polymer and the interaction of the two phases, ller- were determined.
polymer (organic-inorganic) Roman et al., 2007; Hamid and
Jeong, 2008 This can lead to an increase or decrease of thR/IATERIALS AND METHODS
selectivity by some phenomena in the membrane, such as the
plasticization or the non-selective void appearance. Theeefo Synthesis of Mesoporous Silica
it is very important to combine two compatible phases. Varioug\jaterial—MCM-41

llers |nC|ud|ng zeolites 6hen and I_Ua, 2012, Rostamizadeh et alThe MCM-41 mesoporous silica particles were Synthesized
2013; Barquin et al., 20),Gsilica (Vierkel et al., 2002; Jomekian ysing  hexadecyltrimethylmonium  bromide, tetramethy!
et al., 2011; Zanoletti et al., 2Ql&arbon molecular sieves ammonium hydroxide and sodium silicate (Sigma-Aldrich
(Anson et al., 2004; Ra zah and Ismail, 2008; Weng et al.,)201Q  steinheim, Germany), in accordance with the procedure
carbon nanotubesi(ajeed et al., 2012; Khan et al., 2013; NoUfeported in the literature Niculescu et al., 20)2 Shortly,
etal., 2013; Ahnmad et al., 2Q]and metal organic frameworks 5 6mg of hexadecyltrimethylmonium bromide was dispersed
(Basu et al., 2011; Shahid and Nijmeijer, J0were used for in 60g ultrapure HO (Purelab Flex 3 - Elga, Wycombe,
the fabrication of mixed matrix membranes by their embedgin ynited Kingdom), stirring the mixture for 2h at room
into di erent polymers, such as cellulose acetate, polys@fon temperature. A total of 7.6g sodium silicate was then added,
polyimide, polyamide, polyphenylene oxide, polycarbonate, angirring the mixture for 2 h. After this period, 43.36 g tetrathyl
polydimethylsiloxane. Not all of these materials proved to beymmonium hydroxide was added, with stirring for 30 min. The
a good option. Poor interfacial adhesion was reported betwegh was adjusted to 10.5 and was checked after 15min. The
zeolite 4A and glassy polymeM@hajan and Koros, 2000, mixture was stirred for 24 h, with the pH being again checked,
2002a,b; Yong etal., 2001; Moore and Koros, yad the same  and then the mixture was introduced into an autoclave at D0
behavior was also obtained in the case of the carbon nanstubgy, g days. The resulting mixture was Itered under vacuum,
(Maetal., 2010; Sears etal., 208ome studies reported a strong yashed with water and dried, then it was calcined at €00

a nity between metal organic frameworks and polymer matrix,

avoiding the non-selective gagéscon etal., 2012; Zornoza etal., MCM-41 Functionalization

2013; Rezakazemi et al., 2))1groducing plastic deformation The amino functionalized silica was obtained by activating
of the matrix by elongation of the polymePgrez et al., 2009 MCM-41 overnight under vacuum, then treating MCM-41
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with anhydrous toluene under stirring\(jculescu et al., 20)1 to slow the natural evaporation of solvent. The membranes

Over the resulting solution, 3-triethoxysilylpropylamined®a  were removed by ushing the plates with ultrapure water and

Aldrich - Steinheim, Germany) was added dropwise undethen were dried in the vacuum oven at 18 and 80 mbar

continuous stirring, and the mixture was kept under re ux for for 24 h.

5h at 120C. After the functionalized silica was formed, the Neat membranes, formed only from PSF, were prepared

mixture was Itered, washed and it was subjected to a cordiss  using the same recipe in order to compare them with the

extraction using diethyl ether / dichloromethane in a S@thl mixed membranes.

apparatus (Sigma Aldrich - Steinheim, Germany) and dried at The thicknesses of the obtained membranes were

room temperature. determined by using a digital micrometer (Schut Geomekhésc
Meettechniek - Groningen, Netherlands) with 0.001 mm

Mixed Matrix M b P ti accuracy for the 0-25mm measurement interval. A
IXE atrix viembrane Freparation membrane with a 5 cr diameter was cut from the

The mixed matrix membranes (PSF/MCM-41) were Obtainedobtained material.
from polysulfone (PSF) pellets (Sigma-Aldrich - Steinheim,

Germany) via the solution casting methodZqrnoza
et al.,, 2009; Murali et al.,, 20L4Prior to the membrane
synthesis, the PSF was conditioned at I%or 3h, under 400

vacuum, in order to remove the adsorbed water, and AAA/{’A

then three main steps were performed to accomplish the e
. . —
membrane fabrication. 300 ad T
The rst step consisted of the dispersion of various quaati & ol | —a- MCM41

of MCM-41 in chloroform (Sigma-Aldrich - Steinheim,
Germany) using an ultrasonic bath (Elma S60H - Elma
Schmidbauer GmbH, Singen, Germany) for 20 min, in orde
to obtain mixed matrix membranes with 5, 10, and 20 wt.%
MCM-41 as ller. In the second step, the PSF was added
to the obtained solution, and the mixture was magnetically [/ j4is
stirred for 24 h in order to obtain a homogeneous membrane| ' : R
During the stirring process, ve sonication intervals were 0 — pore danewrtom)
performed to enable the penetration of the MCM-41 pores by the e e Relafiie Pressu‘;ﬁ /Po L L0
polymeric chain. ’

In the last step, the mixtures were cast in Petri glass
dishes and left overnight, at room temperature, partially etbs
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FIGURE 2 | MCM-41 adsorption isotherm and pores distribution.
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FIGURE 1 | Experimental setup for testing the membranes performances
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Membranes and Materials The membrane cell consisted of two stainless steel pieces with
Characterization a cavity where the membrane sample was placed on a porous disk

The MCM-41 specic area was determined by usingSUpport of 25mtm nominal pore size (Mott Corp., Farmington,
the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-CT, USA) and sealed with a Viton O-ring in order to reach
Halenda (BJH) methods. The eects of MCM-41 Ioadingshigh pressure. One of the cell pieces represented the upstream
were investigated by scanning electron microscopy (SEM§;’ide or the gas feed side and the other was downstream side
thermogravimetric analysis (TG) and single gas (purg ®, Of the permeate side. The pressure from the inlet side of the
and CQy) permeability measurements. membrane cell was kept constant, at 1 bar, while the accumulated

The IR spectra were recorded in the region 4000-400%om ~ 9as pressure increase in the permeate side was measured using
a CARY 630 instrument (Agilent Technologies - Santa Clara, CA transducer (Omega, Manchester, UK) and plotted vs. time.
USA) in anhydrous KBr pellets. Before the analysis, both KBr anBefore each permeability experiment, the membrane was exposed
samples were grinded in an agate mortar and pestle, then dried #& vacuum, for 10h, using an oil-free pump (KNF Laboport
80 C under vacuum for 3 h in order to avoid the appearance ofacuum pump — Sigma-Aldrich - Steinheim, Germany). Each gas
physically adsorbed water. was passed through each type of membrane ve times, and the

The scanning electron microscopy images were collectedVerage of the results was used for data interpretation.
on a Variable Pressure Field Emission Scanning Electron
Microscope, FESEM VP (Carl Zeiss - Oberkochen, Germany),
with a resolution of 0.8nm at 30 kV or 2.5nm at 30 kV in
VP mode.

Transmission electron microscopy measurements were
performed on Tecnai G2 F30S-TWIN (Thermo Fisher
Scientic former FEI, Eindhoven, Netherlands), equipped
with a STEM/HAADF detector, EDS (Energy dispersive X-ra
Analysis and EFTEM, EELS (Electron energy loss spectroscopy))
The microscope was operated at an acceleration voltage of 30C
KV. In order to prepare the sample, a small amount of powde
was dispersed into deionized water and sonicated for 15 min.
After that 10mL diluted sample was placed onto a 400-mes ) veeee et
holey carbon-coated Cu grid. The sample was left to dry full ,,,,..:;;-;:131'-5""/'
before the TEM investigations. 1 e

Thermogravimetric analysis was performed using a SDT Q600 0 y T T T T T T T T
V20.5 Build 15 instrument (TA Instruments - New Castle, DE, 00 2 04 06 o8 .
USA). The weight changes during the heat treatment of th
MCM-41 and PSF/MCM-41 membranes were evaluated under
N2 atmosphere ( ow rate: 100 mL/min, 99.999% vol purity) with
a heating rate of 1@/min in the 30-1000C range.

X-ray di raction analysis was carried out on a Rigaku Ultima
IV X-ray di ractometer equipped with a CuK source (Rigaku
Co. — Tokio, Japan). The measurements were carried out within
therangeof 1 2' 8 with a step increment ratio of 0.02 s
for MCM-41 powder.

Brunauer-Emmett-Teller (BET) specic surface area
N> isotherm and Barrett-Joyner-Halenda (BJH) pore size
distribution were obtained for the mesoporous silica with a
Quantachrome Autosorb-1Q porosity analyzer (Quantachrome
Instruments - Boynton Beach, FL, USA). The MCM-41
was outgassed at 18D to the measurements, whereas the
functionalized silica was outgassed at X20The N> adsorption
and desorption were measured a196 C.
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FIGURE 3 | MCM-41-NH, adsorption isotherm and pores distribution.
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Gas Permeability Measurements
The pure gas permeability measurements were carried out 8t 4000 3500 3000 2500 2000 1500 1000 500
room temperature using a constant volume-variable pressure
system similar to those described in the literatuke(os et al.,
1977; Felder and Huvard, 1980; Lin et al., 2000; Barquin. et al
2016 and schematically presentedkigure 1

Wavenumber (cm_l)

FIGURE 4 | FTIR spectra of mesoporous ller.
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Fa N *

FIGURE 5 | SEM and TEM images for MCM-41(a,c) and MCM-41-NH (b,d).
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FIGURE 6 | XRD for MCM-41 and MCM-A1-NF. FIGURE 7 | TG analysis of MCM-41 and MCM-41-NH.

The gas permeability coe cient was calculated using th§yhere p is the gas permeability represented in Barrer (1
following equation: BarrerD 1 10 10 cm?® (STP) cm/cmd s cm Hg), V is the
permeating gas volume () L is the membrane thickness
(cm), A is the membrane area (@n T is the experimental

D 273 100 vL  dp
temperature (K), pis the feed gas pressure (psia) and dp/dtis the

760 AT(RQ 4_;6) dt

P @
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pressure rate measured by the pressure sensor in the dowmstrean?/g, indicating a high-quality material. The BJH investigat

chamber (mmHg/s). revealed an average pore diameter of 3.2 Rigyre 2).
The ideal selectivity was determined from the equation: The functionalization of MCM-41 led to a drastic decrease of
the speci ¢ surface area to 12%fg due to the blocking process
Pa with the aminopropy! groupsKigure 3). Also, it was observed
/D Ps (@) thatthe pore diameters remain approximately in the same range

(Figure 3), demonstrating that the mesoporous structure was
S kept after functionalization. Although the speci ¢ surfacea
where i and B are the permeabilities of the pure gases A and Bdecreased, the ordered mesostructure was not collapsesifali
was con rmed by adsorption-desorption measurements, which
RESULTS AND DISCUSSION showed that pore diameters remain approximately in the same
range in the case of MCM-41-NHas in the case of MCM-
N, adsorption-desorption isothermd={gures 2 3), obtained at 41 (Figures2 3). The MCM-41 presented an average pore
77K, correspond to irreversible type IV isotherm as de neddiameter of 3nm and the MCM-41-Nipresented an average
by IUPAC. The BET surface area for MCM-41 was 116@ore diameter of 2.8 nm. The decrease of BET surface areh, tota

2pm EHT = 8.00kV Signal A = SE2 WD = 9.1 mm Mag = 800KX 10 pm EHT = 10.00 kV

Signal A = SE2 WD = 9.4 mm Mag= 168KX

2pm EHT = 8.00 kV Signal A = SE2 WD = 10.56 mm Mag= 494KX 10 pm EHT = 10.00 kv Signal A = SE2 WD = 104 mm Mag= 285KX

2 pm EHT = 8.00kV Signal A = SE2 WD = 9.5mm Meg= 5.00KX 10 pm EHT = 10.00 kV Signal A = SE2 WD = 10.0 mm Mag= 250KX

FIGURE 8 | SEM images of MCM-41/PSF membranes with various loadings: 5 % MCM-41 (a,b); 10 wt% MCM-41 (c,d); 20 wt% MCM-41 (e,f).
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pore volume and average pore diameter indicated the presenceaffmedium intensity at 2941 cni and 2874 cm?, characteristic
aminopropy! functional group at the MCM-41 surface. for 3-triethoxysilylpropylamine—these bands being absethé

The presence of mesopores after functionalization allowmitial porous material. Also, for the functionalized samples,
facile access for other reagents, being very important ia medium intensity band at 1627 crh was observed, which
environmental applications. was attributed tody2. These results con rm, one more time,

The mesoporous silica functionalization was con rmedthe functionalization of the porous material with aminopropyl
through FTIR spectroscop¥igure 4 presents the IR spectra for organic function. The bands from 1084 crhand 692 cm?
MCM-41 and functionalized MCM-41. were attributed to Si-O-Si and Si-O vibrationsigng et al.,

In the region 3435 cm!, MCM-41 presents specic band 2009; Hoang et al., 20).0The absorption bands from 1632
characteristic for the OH groups from the silanol surfacemitte  cm 1 of MCM-41-NH5 and from 1608 cm? of MCM-41 can be
physical adsorbed water from the surface. After functiaraion  attributed to stretching vibrations of adsorbed water nmikes
with 3-triethoxysilylpropylamine, the intensity of this bdn (dy o ). The bands from 940 criin the MCM-41 spectrum
decreases at the same time as the appearance of some bame attributed to Si-OH stretching.(ang et al., 2009
characteristic to immobilized amines from aminopropyl groups The morphology of synthesized MCM-41 and MCM-
of 3-triethoxysilylpropylamine, indicating that the OH grps  41-NH, mesoporous silica was examined by scanning
from the initial matrix reacted with ethoxy-groups of the electron microscopy (SEM) operated at a voltage of 5 kV.
organic precursor. The functionalized silica presents twodsa The samples were attached to aluminum stubs with double

FIGURE 9 | SEM images of MCM-41-NH,/PSF membranes with various loadings: 5 wt% MCM-41-NH (a,b); 10 wt% MCM-41-NH>, (c,d); 20 wt%
MCM-41-NH> (e,f).
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side adhesive carbon tape. MCM-41 samples exhibit regulgattern of the MCM-41 consisted of a typical re ection at
sphere-shaped particles, having smooth surface morphology19 and weak overlapped re ections at 3.92nd 4.50,
(Figure 59. Functionalization alters the spherical shape andcorresponding to (100), (110), and (210) planes of MCM-41,
yields agglomerated nanoparticlésgure 5b). suggesting a hexagonal mesoporous silica structune ¢t al.,

The TEM imagesKigures 5c¢,d evidenced the characteristic 2016. In the X-ray diraction pattern of MCM-41-NH, the
pore arrangement, a honeycomb-like structure of the MCM-presence of three lines can be noticed:2 2.20 (100), 2 D
41. The ordered hexagonal nano-channels throughout th8.81 (110), and 2 D 4.48 (210), which are also presented in
mesoporous material indicate good homogeneitghénite MCM-41 spectra.
et al.,, 199k TEM micrograph Figures 5c,d con rms that the TG analysis of MCM-41Kigure 7) highlighted two intervals
MCM-41-NH> contains well-ordered, two-dimensional porous of weight loss, the rst caused by desorption of the water
structure, similar to MCM-41. Furthermore, pore diameterlinked to the silica surface, the second one being attrithute
after functionalization of MCM-41 was found to be 2.65nmthe mesoporous structure disruption. In the case of MCM-41-
(Figure 5d), which is in accordance with the value of 2.7 nmNH2 (Figure 7), three intervals of weight loss were visible: 30—
computed by the BJH analysis. The decrease in pore diameterliS0 C, attributed to water loss; 300-6@0) attributed to the
due to the presence of aminopropyl groups grafted to MCM-4Xragmentation of the APTES attached to the MCM-41 surface;
inner walls. and > 600 C, attributed to the disruption of the rest of the

Figure 6 presents the X-ray diraction pattern of the mesoporous structureello et al., 2011; Saad et al., 2D Tkhe
mesoporous silica before and after functionalization. THRDX total mass loss for MCM-41 and MCM-41-NHvas about 4 and
37%, respectively.

The obtained mixed matrix membranes had a thickness of
around 30mm, mediating the measurements of ten dierent
points from each membrane.

Poor wetting properties between the polymer and the
mesoporous silica ller may lead to non-selective void forioat
or to the inorganic particles agglomeration in the polymer,
resulting in the loss of the membrane selectivity or mecbahi
properties. In order to investigate the dispersion of the
mesoporous silica in the PSF matrix, the SEM images were
inspected. Prior preparation of the membranes' samples was
required in order to assure the electron conductivity and to
protect the membranes from damage. First, the membranes were
immersed into liquid nitrogen and fractured, then they were
covered with a thin gold layer (20 nm), obtaining the cross-
section (a, c, ) and plane (b, d, f) images.

SEM cross-section and plane images of 5, 10 and 20 wt%
unmodi ed MCM-41/PSF mixed matrix membranes are shown
in Figure 8 Figures 8a,c,shows that unmodi ed MCM-41 silica
particles agglomerated and formed micrometer-scale voidespa
between the polymer matrix and the silica phase. Instead, the
plane sections frorfigures 8b,d,fshow a good dispersion of the
mesoporous silica ller in the polymer matrix. The unmodi ed
mesoporous silica has a high surface area covered by hydiophil
silanol groups. Consequently, the silica particles easlhegto
each other via hydrogen bondin§(n et al., 2005

The SEM results of 10 wt% MCM-41 membranes, shown in
Figures 8c,d are similar to those with 5 wt% membranes. Even
at a loading of 20 wt %, as shown Figures 8e,f the silica
nanoparticles are still well dispersed throughout the polymer
matrix. Some agglomerations of particles were visible fera
wt% MCM-41/PSF membrand=igure 89, but not signi cant,
due to the hydrogen bonding tendency. The resulting comessit
are free-standing Ims which hold up to gas permeability
measurements. The penetration of polymer chains into the
MCM-41 pores was possible due to the 3.2nm average pore
diameter, con rmed by MCM-41 pore size distribution analysis.

Functionalized mesoporous silica particles, as shown in
Figure a,c,e-cross section,b,d f-plane) appear to be better

FIGURE 10 | TG analysis of MCM-41/PSF.

FIGURE 11 | TG analysis of MCM-41-NH/PSF.
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TABLE 1 | Permeability of the mixed membranes.

Membrane Filler loading (wt%) Membrane thickness ( mm) O, (Barrer) N, (Barrer) CO, (Barrer)
PSF 0 29 0.79 0.05 0.09 0.01 3.56 0.09
MCM-41/PSF 5 30 1.21 0.06 0.18 0.01 456 0.09
MCM-41-NH»/PSF 5 30 1.2 0.06 0.16 0.01 4.25 0.09
MCM-41/PSF 10 30 155 0.07 0.2 0.01 6.45 0.10
MCM-41-NH,/PSF 10 30 151 0.07 0.18 0.01 6.15 0.10
MCM-41/PSF 20 31 1.78 0.08 0.22 0.01 8.08 0.10
MCM-41-NH,/PSF 20 31 1.63 0.07 0.19 0.01 7.89 0.10

TABLE 2 | Selectivity of the mixed membranes.

Membrane Filler loading (wt%) O 5/Ny CO,/N»
PSF 0 8.77 39.55
MCM-41 5 6.72 25.33
MCM-41-NH» 5 7.50 26.56
MCM-41 10 7.75 32.25
MCM-41-NH, 10 8.38 34.16
MCM-41 20 8.09 36.72
MCM-41-NH> 20 8.57 41.52

dispersed throughout the polymer matrix. After the modi cati

of the silica with the aminopropyl groups, the external
hydrophilic surface is changed into a hydrophobic surface.
This treatment can reduce silica—silica interactions anahpote
silica—polymer interactions, producing a composite with well
dispersed mesoporous silica in the polysulfone matiix( and FIGURE 12 | Facilitation plot of measured gas for MCM-41/PSF and
Marand, 2008; Orbeci et al., 2017The SEM images of the | MCM-41-NH,/PSF membranes.

membranes with functionalized silica llef~{gure 9) revealed
a good dispersion of the MCM-41-NH particles through
the polymeric matrix as well for the 20 wt%— shown in
Figures 9e #—due to amino groups, which prevent the formation 5, 10 and 20 wt% MCM-41 or MCM-41-Nflare presented in

of hydrogen bonds. Tables 1 2 respectively.

From TG analysis of 5, 10 and 20 wt% MCM-41/PSF and The values show a signicant improvement in the
neat PSF membrané&igure 10, two notable weight losses were permeability of the mixed matrix membranes (PSF with
observed for all the samples. The rst weight loss was arounICM-41 or MCM-41-NH, ller) compared to the neat PSF
200 C, due to trapped water and solvent molecules in theamembrane for all gases.
material. The second weight loss began 460 C and continued The introduction of the mesoporous material MCM-41 in
until the end of the analysis as a consequence of the polyméne polymeric matrix had a positive e ect, thus the permeability
chain degradation. On the basis of the TG analysis, it can bealues increased directly with the silica quantity from the
stated that the residual content increased directly withfMCM-  membrane Table ). In the case of @ the permeability
41 loading, from 29.37 to 40.87% of the total weight, conmgni increased from 1.21 Barrer (for 5 wt% loading) to 1.78 Barrer
once again good dispersion of the mesoporous ller in the(for 20 wt% loading). For B, the increase was not signi cant,
polymer matrix. namely from 0.18 (for 5 wt% loading) to 0.22 Barrer (for 20 wt%

In the case of the functionalized mesoporous silica-PSkading). For CQ, an important increase was observed, almost
membranes, the TG analysiBigure 11) registered three mass double, from 4.56 Barrer (for 5 wt% loading) to 8.08 Barrer (f
loss steps: 30—220, due to trapped water and solvent molecules20 wt% loading).
in the material; and 450-62Q, attributed to toluene residue and In the case of MCM-41-NKH/PSF, the @ permeability
also to the amino groups' release. The mass loss continuegabancreased from 1.20 Barrer (for 5 wt% loading) to 1.63 Ba(fiar
620 C and resulted in the following residues: 32.47, 36.00, an20 wt% loading). For B the increase was not signi cant, namely
40.81% for 5, 10 and 20 wt% MCM-41-NiPSF, respectively.  from 0.16 (for 5 wt% loading) to 0.19 Barrer (for 20 wt% loag)in

Single gas permeability and the ideal selectivity valuethéor Also in this case, for C& an important increase was observed,
neat membrane and the mixed matrix membranes containingrom 4.25 Barrer (5 wt% loading) to 7.89 Barrer (20 wt% logglin
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FIGURE 13 | Pressure dependence of the permeability coef cient at ambiet temperature. (A) O, Permeability (Barrer)(B) N, Permeability (Barrer)(C) COo
Permeability (Barrer).

The results obtained for MCM-41-NHMPSF membranes two materials (organic polymer-mesoporous silica) and to the
indicated that ¢ permeability was negligibl§éble 1); however, membranes sti ening.
they displayed higher C&N» selectivity than the MCM-41/PSF  Figure 12shows the facilitation plot of the gases measured for
membranesTable 2. mesoporous MCM-41/PSF and MCM-41-NHPSF membranes

The increase in permeability suggests that the penetration @5, 10, and 20 wt% loading).
the polymer chains would not block the mesoporosity of MCM-  The facilitation ratio is the di erence in the permeabilitie§ o
41. As the ller was replaced by MCM-41-Niithe permeability the membrane and the pure polymer divided by the permeability
slightly decreased. Also, the addition of mesoporous MCMef the pure polymer. At these loadings, the mesoporous maserial
41 led to a small loss of selectivity for2. Analyzing the essentially acted as llersJgmekian et al., 20)2 It was
selectivity values of the membranes for £, it was observed noted that, at higher loadings, a channel network might form
that the PSF membrane was more selective than the mixedxnaticonnecting separated voids and allowing the rapid permeation
membranes. The selectivity loss is considered normal, ¢akirof all gases. MCM-41/PSF membranes exhibited an immediate
into account that the PSF is a rigid polymer and, generallyincrease in permeability with adsorbent loading (from 6. 22rBr
the membranes obtained only from this polymer are dense, thior 5 wt% loading to 8.09 Barrer for 20 wt% loading). For
gas transport being based on solution-di usion mechanisme Th MCM-41/PSF, the monotonic increase in permeability could be
mixed matrix membranes based on PSF and MCM-41 were mor@ consequence of the presence of mesopores within the MCM-41
selective for C@N than for O,/N> due to the small di erence framework rather than voids at the polymer/MCM-41 interface.
between @ and Ny and the higher di erence between G@nd  When a gas molecule crosses over from the polymer phase into
N2 molecule dimensions. Furthermore, the critical temperatur MCM-41 pores, it should encounter less resistance to ow as itis
of CO; and N, are 31C and 147.1C, respectively. Taking into translated through the 40 A wide channel, which is occupied by
account this aspect, the solubility and the permeability of,CO some measure of polymeReéid et al., 2001
were expected to increase. In order to con rm that the observed increases in permeapilit

In the case of mixed matrix membranes based on PSF andlere due to the presence of non-selective voids at the MCM-
mesoporous functionalized MCM-41, the permeability increise 41/PSF interface, the e ect of varying the upstream pressure was
directly with the MCM-41-NH content in the membranes. Also, investigatedfigure 13.
the mixed membranes obtained with MCM-41-NHller were For the neat PSF membrane,oGnd N, permeabilities
more selective than the PSF/MCM-41 membranes. The increasere virtually independent of the driving pressure, while £O
of the selectivity was mainly determined by the amino groupgermeability slightly decreased as the pressure incredseid (
from the MCM-41 ller, leading to a stronger interaction of¢h et al., 200). If such non-selective passages exist in the mixed
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membranes, the change in pressure with respect to time on thaglica additive served to enhance the diusivity and overall

downstream side of the membrane will be directly proportionalpermeability of the small molecules without a loss of seldgti

to the driving pressure on the upstream side. In the case of th€he increased permeability resulted from the increase of the

20 wt% MCM-41/PSF membrane, the Permeability increased solubility and di usivity. Amine-functionalized mesoporcu

slightly, from 1.91 Barrer (1 bar) to 2.17 Barrer (4 bar), @dhe membranes show signi cantly promising GQ@eparation due to

N2 permeability also increased slightly from 0.22 Barrer () tar the strong adsorption properties of the surface amine groups

0.31 Barrer (4 bar). C&permeability increased from 8.08 Barrer and the regular mesoporous structure. Comparing the results

(1 bar) to 8.21 Barrer (4 bar). with the up-to-date literature, it can be stated that, along
In the case of the 20 wt% MCM-41-N#PSF membrane, with polymers, zeolites, metal organic frameworks, and whixe

the O, and N permeability remained almost constant, from matrix membranes with mesoporous silica as ller represent a

1.63 Barrer (1 bar) to 1.67 Barrer (4 bar), and from 0.19 Barretechnologically scalable platform.

(1 bar) to 0.21 Barrer (4 bar), respectively. £@ermeability

slightly decreased from 7.89 Barrer (1 bar) to 7.82 Barrer (AUTHOR CONTRIBUTIONS

bar), demonstrating that in this case, there are not any non-

selective voids. MM conceived and designed the study, contributed to the
Excellent membrane performance requires both higlcollection of data, performed part of the analysis technicares

selectivity and high permeance, according to Robeson's rutmntributed to the data interpretation and to the manuscript

(Robeson, 2008However, there is a trade-o between the two; writing. Cl contributed to the data interpretation and to

a high loading of amine groups in the mesoporous materiathe manuscript writing. GN performed part of the analysis

assures high selectivity, but low permeance values. On tiex ot techniques and contributed to the data interpretation. V-CN

hand, high CQ permeance with low amine loadings leads tocontributed to the design of the study, supervised the

lower selectivity. For example, some studies reported revergroject, performed part of the analysis techniques, conteblut

selective properties wherein G@nolecules were trapped and to the data interpretation and to the manuscript writing.

passed more slowly through the membrane than other gasedl authors discussed the results and contributed to the

when amine groups with very high a nities for C@were used nal manuscript.

(Kumar et al., 2008; Kim et al., 200)5@ herefore, cross-linking

occurred and resulted in sticky diusion of the GOdue to  FUNDING

the strong a nities of the amine groups. Thus, appropriate

functionalization agents must be employed when developinghe work has been funded by the Romanian Ministry of Scienti ¢

separation-mixed matrix membranes. Research and Innovation, NUCLEU Program, under Project
PN 19 11 03 01 Studies on the obtaining and improvement of
CONCLUSIONS the acido-basic properties of the nanoporous catalytic maleri

for application in wastes valorization and Project PN 19
Mixed membranes for gas separation represent a rapidly growingl 02 04. Development of solid electrolytes with ultra-high
research eld for the porous materials community. A simpleconductivity and electrodes with improved cyclic stabilftyr
method to prepare mixed matrix membranes with mesoporousolid-state batteries.
silica (obtained via the sol-gel method) was presented. Hee u
of two mesoporous materials (ordered mesoporous silica MCMACKNOWLEDGMENTS
41 and MCM-41-NH) to produce mixed matrix membranes
not only improved the ller dispersion and interaction into én  The authors would like to thank Dr. Eng. Bogdan-Stefan ‘égsil
polymer, as shown by the XRD, SEM, TG, but also gave rideom the Department of Science and Engineering of Oxide
to a signi cant enhancement in the separation performanceMaterials and Nanomaterials, Faculty of Applied Chemistry
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