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ABSTRACT

The use of zeolites as fillers in mixed matrix membranes (MMM) in gas separation is a well-studied subject.
The difficulties to produce a membrane with high selectivity and low defects in the zeolite/polymer
interface are well documented. Many researchers have reported that the functionalization of zeolite
surface led to membranes with higher compatibility with zeolite/polymer via using silane groups, amine
groups, or ionic liquids in the particles surface to improve the gas permeability and separation efficiency.
This article aims to describe, summarize and discuss the use of amines, silanes and ionic liquids as surface
modifiers. Those modifications lead to an increase in selectivity and in polymer/filler compatibility by
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increasing the dispersion of the particles in the polymeric matrix, which represents the most recent
subjects in the development of MMMs. The performance results surpass by many times the efficiency of
regular MMM synthesis. The work is focused specifically on MMMs using the silico-aluminophosphate
SAPO-34 due its potential, diverging from general reviews, and focusing on a specific case discussing
recent works and new ways to develop this theme through a deeper study. All possible SAPO-34 surface
modifications are compared, and new possible membrane modifications and treatments are proposed.

Introduction

Zeolites have often been used as adsorbents for gas purification
and as ion exchangers in detergents and are extremely useful as
catalysts in petrochemicals (for example, in petroleum refin-
ing), in the synthesis of organic products, and also in pharma-
ceutical and fine chemical processes."™* These versatile
applications are possible because zeolites have a high surface
area and adsorption capacity, with properties varying in a wide
range of polarity. Also, the zeolite structure allows for the
creation of active sites, such as acidic sites. The strength and
concentration of the active sites can be controlled according to
the desired application. The size of zeolite channels and cav-
ities are compatible with most molecules of raw materials used
in industry and their complex network gives produces differ-
ent types of selectivity. These properties can be used to drive
a reaction according to the desired product, due to the selec-
tivity of the reagent, product and transition state.”” Zeolites
have long been widely used as solid acid catalysts in industry.
There are already commercial processes and plants using these
catalysts because of the advantages they show over traditional
homogeneous acid catalysts*¢]

The silicoaluminophosphates (SAPOs) are zeolites in the
form TO, (T= Si, Al or P) widely used in catalysis and
separation processes because their pore size is in dimensions
near to most common molecules. Varied three-dimensional
arrangements of the basic SAPO building units result in
frameworks containing channels of molecular dimensions

that characterize the molecular sieves. Zeolites are classified
according to size: small (less than 0.4 nm or 4 A), medium,
(0.4-0.6 nm or 4-6 A), large, (0.6-0.8 nm or 6-8 A), or even
super large pore (bigger than 0.8 nm). Molecular sieves with
pores larger than 2 nm (20 A), with amorphous walls, are
classified as mesoporous.””’ SAPOs can be prepared basically
through different processes. The most common processes
are hydrothermal"®'" and dry-gel!"*'*) methods. These
methodologies can influence the crystal size and character-
istics of the final material.!'*"?!

SAPO-34 appeared as one of the main materials used in mixed
matrix membranes (MMM) used for post-combustion gas separa-
tion in comparison with other zeolites mainly due to its pore size
(0.38 nm) near to the kinetic diameter of gases like He (0.26 nm),
H, (0.29 nm), CO, (0.33 nm), N, (0.36 nm), CO (0.37 nm), or
CH, (0.38 nm).!"*2") This means that the pore size of SAPO-34 is
big enough to allow H,, He, CO, to permeate, but small enough to
block the permeation of the other gases. In comparison, SAPO-11
has elliptical pore of 0.39 x 0.63 nm; SAPO-31 has a 0.54 nm main
pore size; SAPO-41 has elliptical pore of 0.43 x 0.70 nm, and other
pore sizes are as follows: SAPO-44 (0.45 nm), Zeolite A (0.41 nm),
and ZSM-5 (0.54 nmx0:56 nm). The possible role of SAPO-34 in
CO,/N, gas separation is presented in Figure 1,”"** It could be
used in methanol to olefins conversion reactions.'***~2¢!

This work aims to discuss recent works on MMMs
using SAPO-34 as filler taking those studies as a base to
debate recent methodologies that deal with the matrix/filler
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[21,22]

Figure 1. Mixed matrix membrane with SAPO-34 CO,/N, separation.

incompatibilities reported by many authors due to an
organic matrix and inorganic filler interaction, studying
and proposing strategies that could mitigate those interfa-
cial voids and, therefore, promote an increase in selectivity.
The work is focused specifically on MMMs using SAPO-34
due its potential, ease of production, possible internal
(doping), and external modifications (surface modifica-
tions). SAPO-34 MMMs diverge from the general MMM
reviews presented elsewhere.?>?**! The study allows us
to focus on a specific case, although many strategies pre-
sented for these MMMs could also be extended for other
fillers.

SYNTHESIS AND CHARACTERIZATION OF SAPO-34
Structure Directing Agent (SDA) or Template

The synthesis of SAPO-34 can be performed in various ways,
leading to the formation of the solid with a chabazite structure
(CHA). Crystallization process in the synthesis of SAPO-34
crystals depends significantly on the type and concentration of
template because both the nucleation and crystal-growth rates
related to the alkalinity of the solution and the interaction
between the template and the inorganic species, influencing
in surface area and crystal size.”*”!

More than 20 types of organic SDAs have been utilized to
synthesize SAPO-34 catalysts. Among these templates, tetra-
ethylammonium hydroxide (TEAOH), morpholine (MOR),
triethylamine (TEA) and diethylamine (DEA) are the most
used templates. The choice and concentration of SDA signifi-
cantly affects the resulting structure, particle size and physico-
chemical properties of synthesized zeolites. In general,
compared to other templates, TEAOH tends to direct the
synthesis of smaller SAPO-34 crystals using less SDA when
compared to other SDAs in the same molar composition.
However, the high cost of TEAOH may limit the practical
catalyst of large-scale production in industry.!'»!*37~4]

Mixing several templates into the synthesis gel to direct the
formation of zeolites has proven to be an effectively low-cost
way to synthesize SAPO-34 catalysts with small crystal size.*
Many authors!'*?**”4243 haye obtained spherical aggregation
of nanosized SAPO-34 crystals using TEAOH and morpholine
(MOR) as mixed templates, when compared with using MOR

alone. The use of mixed template reduces particle size and
[26]
cost.

Synthesis Processes

Hydrothermal Synthesis

Hydrothermal synthesis consists in a direct synthesis prepar-
ing a gel with the Si, Al, and P sources under autogenous
pressure using a Teflon autoclave, which is the main and
simpler process used to obtain SAPQ-34,11%11-2%]

Dry-Gel Synthesis

Dry-gel synthesis follows hydrothermal synthesis, although
prior to transfer the freshly prepared gel, it is dried. The
resultant material is then placed in the Teflon autoclave, with
a water amount following a pre-established ratio. The heat
treatment generates the final solid. This technique tends to
promote smaller crystals than the hydrothermal process due to
a higher gel concentration during the heat treatment, which
favors nucleation instead of crystal growth producing small
crystals with high purity.['>!344

Microwave Synthesis

Microwave synthesis follows the same procedure as the
hydrothermal synthesis, differing only in the heat source.
However, the heating rate used shortens the crystallization
time of nanoporous molecular sieves, and results in a more
homogeneous heating, avoiding the temperature gradient
encountered during the conventional hydrothermal synth-
esis. Therefore, the microwave heating technique has been
regarded as an effective way to synthesize defect-free, uni-
form and small-sized crystals due to the high concentration
of nuclei and accelerated homogenous nucleation through
rapid and uniform heating.'**>¢]

Crystal Growth Inhibitor-Assisted Synthesis

Crystal growth inhibitor-assisted synthesis consists of using
one or more crystal growth inhibitors, such as B-cyclodextrin
or Tween-20, the most common, to control and to favor
nucleation in detriment of crystal growth, resulting in small

crystal size that can be tuned according to the desired
. [47.48]
size.



Post-Synthesis Treatment

The SAPO-34 microporous structure presents serious diffu-
sion limitations and results in rapid catalyst deactivation due
to carbon deposits. Creating meso- and/or macro-pores into
the microporous SAPO-34 structure produce a hierarchical
SAPO-34. This is considered as an effective way to suppress

CHA1-1-1]
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catalyst deactivation. The use of post-synthesis treatment can
generate a secondary porosity by depriving the micropores
using etching processes by acid, base and/or other chemical
reagents.[49"53]

The obtained solids are characterized by x-ray diffraction
(XRD), as presented in Figures 2 and 3 by the typical

Figure 2. Crystallographic axes of SAPO-34 (CHA)®¥ and microscopy presenting the shape of chabazite SAPO-34.
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Figure 3. Chabazite (CHA) XRD pattern characteristic of the SAPO-34 zeolite. Adapted from.°>1 ,
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diffraction peaks of the CHA structure, where 20 at 9.5°,
12.5°, 16.6°, 20.5° 26° and 31.2°Correspond to the (101),
(110), (021), (211), (220) and (401) planes, respectively, as
related to the interplanar spacing (dpy). The N, adsorption
and desorption for the textural properties (surface area, pore
size, pore volume) thought to be isotherms, is presented in
Figure 4 showing a type 1 isotherm characteristic of micro-
porous materials. Temperature programmed desorption of
NH; was also studied. It consists in determining the total
surface acidity by injecting a known amount (volume and
concentration) of NH; to be adsorbed by the zeolite, which
is related to the acid sieves. Static laser light scattering (SLS),
also called laser diffraction or dynamic light scattering
(DLS), is used to determine the average particle size, and
scanning electron microscopy (SEM) allows to visualize these
particles and how they are present dispersed in the
membrane. 7467

SAPO-34 as Filler of Mixed Matrix Membranes for Gas
Separation

The permeability coefficient of a gas i (P;) is the product of the
gas flux J; and membrane thickness, 1, divided by the pressure
difference across the membrane, Ap;, as presented in Eq. 1. For
MMMs, the main influences are the molecular sieving of a gas
through the filler pores, according to the connecting diameter,
and its solubility in the polymeric matrix.!"*"]

il

P =
Ap,'

(1)

While the selectivity, o, is the ratio of the permeability coeffi-
cients of the two gases, where P, is the permeability of the
more permeable gas and Py, is the permeability of the less

permeable gas in a binary mixture as presented in Eq. 2.7
Permeate Bulk feed
side
d

@zt @

Py
When a gas mixture is brought to a membrane surface by any
driving force, there is an accumulation of the less permeable
species and a depletion of the more permeable components in
the boundary layer adjacent to the membrane and this causes
a concentration gradient building up in the boundary layer, as
shown in Figure 5. This phenomenon is referred to as con-
centration polarization. It exists in all membrane separation
processes because of the selectivity of the membrane. This has
serious adverse effects on membrane separation processes,
leading to a decrease in the available driving force for the
more permeable species across the membrane and an increase
for the less permeable species, reducing the overall efficiency of
separation and raising the costs of capital and operation.!®'~¢*

Since zeolites have a well-controlled pore diameter, which is
the main requirement of using them as fillers in membrane
production, they can effectively separate gases even with small
difference of kinetic diameter as presented in Figure 6. The use
of zeolites and other silicate derivatives as constituents of
MMMs in the separation of gases, such as Hy, CO,, CHy, N,
CO, 0,, H,0, among others, did lower the energy consump-
tion, being tunable and compatible with traditional processes.
The addition of a filler in these membranes promotes a better
separation at the molecular level according to the kinetic
diameter of the gases, and gives permeability and selectivity
above the Robeson upper limit. The Robeson upper bound
limit was a study performed by Robeson, who reunited perme-
ability references for polymeric membranes, compiled and
plotted the limits for a series of gases serving as reference for
further efficient separation processes of a binary mixture using
different types of membranes. The limit was revised in 2008
and 2019. The Robeson upper bound limits are presented in

Figure 7 and compared with some MMM:s using SAPO-34 as
ﬁller. [21,62-64,69-71]

Bulk feed

Permeate
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Figure 5. Permeation effect for the (a) more permeable gas and (b) less permeable gas at the membrane surface.
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Figure 6. Molecular sieve permeation schematics through zeolite pore for N, and CO,.
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Figure 7. Selectivity comparison between mixed matrix polymer membranes doped with SAPO-34 and the 2008'>°°~%7) and 2019'°®! upper limits proposed by

Robeson for left CO, and CHy, and right CO, and N,.

Although several studies in the production of MMM
using SAPO-34 as the dispersed solid presented excellent
separation results, the main problem in these membranes
is the compatibility between particles, as inorganic compo-
nents and the polymer matrix, as an organic component.
Priming prior to the preparation of the polymeric solution,
which consists in adding a small quantity of the polymer
that will be used to promote a better dispersion without
a sudden change in the solution density and viscosity, is
performed by many authors. However, defects in the solid-
polymer interface still remain present.?*>~7¢! Therefore,
modifications of the zeolite surface could lead to a better
dispersion, better interaction filler/matrix and reduction of
defects in the obtained MMM.

Wettability is another important factor in membranes
that depends on their structural characteristics, operating
conditions, the nature and adsorbent properties. In fact, the
membrane pore size has a direct effect on the membrane
wettability as reported in the Laplace equation. Thus, mem-
branes with small pore size may have higher wetting
resistance.”” ") On the other hand, water may play a very
important role in reversing the MMM selectivity in CO,/N,
separation due to a more stable interaction between CO, and
H,O which causes slower diffusion than N, in a wet
membrane.'®"!

Surface Modifications

Surface functionalization of zeolites improves the zeolite-
polymer matrix interaction. The functional groups act as
a bound that promotes a better link and diminishes interfacial
problems. Amine groups, silane groups and ionic liquids (ILs)
are proposed to improve the interaction between these
components.[®>¢®82785] The superficial modification of
SAPO-34 intends to increase the separation performance of
MMMs containing SAPO-34 in gas separation,’>7*5¢]

Amino Groups

Adding amine groups to the zeolite surface can increase the
interaction between dispersed particles and the polymeric matrix
while also improving the CO, solubility due a preferential adsorp-
tion mechanism. Venna and Carreon®” used different amino
groups, ethylenediamine (EDA), hexylamine (HA), and octyla-
mine (OA) to modify the SAPO-34 surface in an MMM on
tubular porous stainless-steel supports to tolerate high pressure
and temperature. EDA showed a better result in the modification
compared to other amino groups in this study, promoting a 40%
and 167% increase in the separation performance of CO,/CH,
and CO,/N,, respectively. The increases in separation perfor-
mance are related mainly to preferential adsorption of CO, on
a basic SAPO-34 surface as presented in Figure 8.

Preferential CO,—»

OH

Al

adsorption

QH
Al

coordination

[28]

Figure 8. Amino group grafting. Adapted from.

NH; adsoption and
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Ahmad et al.”>%! studied the effect of ethylenediamine
(EDA) and hexylamine (HA) functionalized SAPO-34 in poly-
ethersulfone, reporting that the use of EDA promotes a higher
amino group grafting on the SAPO-34 surface when compared
to HA. The use of EDA showed a better compatibility between
filler and polymer that resulted in better separation perfor-
mance for CO,/CH, when compared to a nonfunctionalized
membrane. However, HA has not shown an improvement in
separation. These works demonstrated that the modification of
the surface of SAPO-34 can effectively improve the separation
performance, according to the basicity developed by the amine
group on the surface of the solid.

Silane Groups

The use of silane groups chemically modifies the surface of the
zeolites, which changes the surface properties for a better
compatibility and preferential CO, adsorption. This modifica-
tion usually leads the zeolite surface to a hydrophobic
characteristic,””) improving the stability in wet conditions to
separate CO, from other gases in a mix stream. Although,
some of the silane modifications are reported to rise the CO,
adsorption characteristics according to the silane group used,
mainly those with a primary or secondary nitrogen in the
carbon chain acting as preferential CO, adsorbents like
amino groups, but chemically adhered to the zeolite
surface. 2889793

Junaidi et al.”" studied the effects of 3-aminopropyltri-
methoxysilane (APMS) modified SAPO-34 on the synthesis
of a polysulfone (PSf) MMM, showing that the use of ethanol
as solvent promoted a higher grafting to incorporate the silane
group on SAPO-34 zeolites and gave higher CO,/N, and CO,
/CHy selectivities of 135% and 124%, respectively, when com-
pared to the pure PSf membrane, PSf/SAPO-34 membranes
without APMS, and the use of isopropyl alcohol (IPA) as
solvent. However, the use of ethanol also promotes
a reduction in surface area.

Zhao et al.®? investigated the use of 3-(2-aminoethyla-
mino)propyl-dimethoxy-methylsilane (APDS) as a surface
modifier to increase the compatibility on sheet-like SAPO-34
zeolite filler in a PEBAX MH 1657 polymer, showing how
important is the balance between the strength of the interac-
tions between the filler and matrix. A weak interaction leads to
a low compatibility and interfacial voids while an extremely
strong interaction could block the pores of the zeolites drasti-
cally reducing the flux through the MMM.

Although the use of silane groups is a viable way to promote
CO, separation, silane coupling agents with two or three
alkoxy groups may cause the formation of a massive number
of coupling points on the external surface of zeolitic fillers,
resulting in pore blockage. For example, Ismail et al.** mod-
ified a zeolite 4A using aminopropyl-triethoxysilane (APTES)
obtaining good compatibility between the modified zeolite and
PES membrane resulting in an improvement in CO,/CH,
selectivity. However, the CO, permeability was reduced by
almost 80% when compared to a pure PES membrane.
Therefore, it is very important to choose a suitable silane
coupling agent for surface modification of zeolites to favorably
improve the interfacial adhesion, as well as the separation
performances of the MMM.

lonic Liquids
Ionic liquids (IL) are liquid organic salts composed of an
organic cation and an inorganic polyatomic anion.!”>~*?! The
use of ILs with high affinity and selectivity to CO, onto the
particle surface and then dispersing the modified particles in
the polymer membrane may enhance the separation charac-
teristics since ILs can promote a higher CO, solubility due to
a preferential CO, adsorption in the zeolite surface, resulting
in better permeation and selectivity properties. As intermedi-
ates, ILs can improve the zeolite—polymer interaction
(Figure 9), as studied by many researchers. Ahmad et al.!""!
reported modifications of PSf MMMs incorporated with
SAPO-34 using [emim][Tf,N], an IL highly selective to CO,,
which increased the CO,/CH, selectivity of the PSf/SAPO-34
MMM by more than 400% compared to the unmodified mem-
brane, determining that the use of the IL surface modifiers
could affect the textural properties of the SAPO-34. In addi-
tion, the IL could interact with the zeolite surface in the same
way as the amine groups due to electrostatic interactions.

Figure 10 shows SEM observations of PES/SAPO-34 and
PES/SAPO-34 modified with [emim][Tf,N]. The PES/SAPO-
34 presents voids between the interface of the polymer and
zeolite particles. Although it is possible to assume that an
increase in selectivity after a surface modification could be
caused by that modification, it cannot be stated that one sur-
face modification is better than the others based only in the
post-treatment selectivity since the membrane obtained can
vary by many factors. It is interesting to study all different
superficial modifications in the same MMM with similar initial
values of permeabilities and selectivities.*! Since the Ahmad
et al."%! work only contemplates a small case-study, several
other factors that affect the physical properties of IL-modified
zeolite, such as IL selection and loading, could be studied in
future works. Moreover, smaller particle size and zeolite crys-
talline modifications could also be included in the proposed
future works, since it could affect the dispersion and the
interactions with ILs.

Nasir et al.”* examined the effects of the inclusion of two
different surface modifiers, [emim][Tf,N] and amine groups

Preferential CO2 adsoption

[74,95]

Figure 9. Zeolite-lonic liquid interaction.
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Figure 10. SEM images of (a) PES/SAPO-34 and (b) PES/SAPO-34 with [emim][Tf,N].

Table 1. Different MMM studies with CO, permeability, CO,/CH, and CO,/N, separations using SAPO-34 with different surface modifiers.

Filler
Polymer/filler (w/w %) Surface modifier Pco> (Barrer) aCO,/CH, aCO,/N, Ref.
Matrimid 5218/SAPO-34 0 - 44 34 - 169l
2 - 45 420 -
5 - 46 442 -
10 - 53 50.8 -
15 - 59 58.1 -
20 - 6.9 67.0 -
PES/SAPO-34 0 - 6.7 378 33.8 110s]
20 - 8.2 426 344
30 - 8.9 483 7.1
PES/SAPO-34 0 - 4.45 332 - fo6l
2-hydroxy 5-methyl aniline (10%) 0.8 323 -
20 - 57 37.0 -
2-hydroxy 5-methyl aniline (10%) 13 447 -
PES/SAPO-34 0 2-hydroxy 5-methyl aniline (4%) 5.1 393 - fo7
20 - 13.8 32.7 -
2-hydroxy 5-methyl aniline (4%) 7.8 41.6 -
PEBAX MH 1657/SAPO-34 2-8 APDS (4 mL/g of zeolite in toluene) 137 34.7 - 92l

Table 2. Different MMM studies with CO, permeance, CO,/CH,4 and CO,/N, separations using SAPO-34 with different surface modifiers.

Filler
Polymer/filler (w/w%) Surface modifier Pcoz (GPU) aCO,/CH, aCO,/N, Ref.
Matrimid 5218/SAPO-34 0 - 9.5 29.8 13.6 1osl
10 no calcination - 7.6 31.8 26.3
10 calcination - 12.5 9.32 10.5
PSf/SAPO-34 0 - 22 173 16.5 1ol
5 - 205.9 225 214
10 - 314 282 26.1
20 - 2812 10.9 10.7
30 - 232 3 29
PSf/SAPO-34 0 - 105 15 13 7
10 APMS (0.1 ml in ethanol) 706 31 28
10 APMS (0.1 ml in IPA) 775 28 22
PES/SAPO-34 0 - 235 1 - ol
10 Emim(T,N) (20%) 3524 15.0 -
20 Emim(Tf,N) (20%) 3834 16.4 -
30 Emim(Tf,N) (20%) 408.4 174 -
PES/SAPO-34 20 HA (0.15 mmol) 0.83 12 - sl
EDA (0.15 mmol) 10.1 16.1 -
PES/SAPO-34 20 Emim(Tf,N) (25:1) 0.25 5 - 4l
Emim(Tf,N) (25:1) and EDA 0.1 25 -
Emim(Tf,N) (25:1) and HA 0.07 35 -
PES/SAPO-34 20 Emim(Tf,N) (5 w/w9%) 230.8 46.2 - 1osl
Emim(Tf,N) (10 w/w%) 255.7 58.8 -
Emim(Tf,N) (15 w/w%) 279.3 60.6 -
Emim(T,N) (20 w/w%) 300.0 62.6 -
PSf/SAPO-34 5 Emim(Tf,N) (1 mL/g of zeolite) 7.24 20.3 18.8 t1ool
Ceramic hollow fiber/Pebax/SAPO-34 10 APTES 30 10.7 - 1671
APTES and [Pgss141[2-Op] (1:4) 50 227 -

APTES and [Pegs141[2-Op] (1:2) 65 25.1 -
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(EDA and HA), in the functionalization process of SAPO-34 to
increase the CO,/CH, selectivity in MMM of PES/SAPO-34.
They noticed a decrease in CO, permeation due to a blocking
effect.”*! This blockage resulted from a reduction in the avail-
ability of the pores in the zeolite caused by the presence of large
molecules on the zeolite surface. This phenomenon is also
present in other works, for example, the use of IL after mem-
brane synthesis for an interfacial sealing as proposed by
Ahmad et al.®¢ using [bmim][Ac] in PSf/SAPO-34 membrane
resulted in an increase of more than 800% in CO,/N, selectiv-
ity compared to unmodified MMM. However, this work also
showed that the pore volume of SAPO-34 can be affected after
being modified by large molecules, narrowing the pore of
SAPO-34 zeolite, and restricting the diffusion of gases. For
example, the N, permeance in a membrane post-sealed with
0.4M [bmim][Ac] reduced by 98% when compared to an
unmodified membrane. Even though the use of zeolite surface
modifiers (amino groups, silane groups and ILs) increases the
separation properties, an in-depth study needs to be per-
formed to optimize the compatibility as stated by many
authors,[666748286,100-1041 ‘Taple 1 and Table 2 presents
some studies using different zeolite surface modifiers and the
obtained results for CO,/CH, and CO,/N, separations.

CURRENT DEVELOPMENT PERSPECTIVES OF MMMS
FUNCTIONALIZED WITH SAPO-34

The use of zeolites remains important in MMM development
since it shows a high thermal and chemical stability, commer-
cial availability and is capable of a well-controlled pore struc-
ture. The properties of zeolite, such as polarity, are dependent
on its chemical composition. SAPO-34, zeolite 4A and ZSM-5
are examples of common zeolite in MMM fabrication present-
ing more polarity due to a higher Si/Al ratio and having
a stronger interaction with CO,.[22%9

The use of a glassy matrix polymer, such as polyhexafluor-
opropylene (PHFP) with SAPO-34 nanoparticles, is a recent
study and represents a novelty in this line. The polymeric
matrix characteristics of the PHFP displayed a higher permea-
tion in comparison with the PHFP membrane without SAPO-
34 filling, which indicated how SAPO-34 can improve the
separation properties in a material.''"! The use of a denser
polymeric material forces the gas flux to pass through the
zeolite pores, which resulted in reduction in permeation,
although it can increase the selectivity for a specific gas. On
the other hand, an increase in permeation that leads to
a reduction in selectivity could indicate the presence of inter-
facial voids.!*?!

Wu et al."% studied the use of nanosized SAPO-34 crystals
(100 and 200 nm) in PES to prepare MMMs. The use of
nanosized SAPO-34 can increase the separation performance
since it leads to a better dispersion. However, they!'*”! deter-
mined that the use of crystals smaller than 200 nm exhibits
a high level of agglomeration causing nonselective defects at
the interface between particles, leading to a decrease in the
separation performance verified by SEM and permeation
analyses.

Liu et al."''? investigated the gas diffusivity and solubility in
PES MMM containing commercial SAPO-34. The results

revealed that commercial SAPO-34 presented a better separa-
tion performance because of less defects than laboratory-grade
SAPO-34, concluding that commercial SAPO-34 with an
appropriate surface modification could improve the perfor-
mance in MMMs. However, those solids could not be sub-
mitted to doping processes or other procedures to change the
zeolite characteristics.

Dense polyimide is used as a polymer matrix that can
promote an interaction with a high electron density structure
that could lead to a higher CO, solubility. Wu et al.l"**! used
4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA)
combined with 1,3-diamino-2,4,6-trimethylbenzene (TrMPD)
as the polymeric matrix doped with 30% w/w SAPO-34 to
obtain a new MMM. The results obtained showed a 121%
increase in CO, permeation when compared to the neat mem-
brane. However, the separation performance of CO,/CH, and
CO,/N, was under the 2008 and 2019 Robeson upper bounds.

As presented, the use of silane groups can be a major
modification of the SAPO-34 surface promoting a better inter-
action with the polymer matrix. Zhao et al.”?! used 3-(2-ami-
noethylamino)propyl-dimethoxymethylsilane (APDS) to
modify the SAPO-34 surface for a better compatibility with
the Pebax MH 1657 polymer matrix, using 8% w/w loading of
the modified zeolite in the MMM. The results presented
a highly stable separation of CO,/CH,. The CO, permeation
increased by 49% and the selectivity CO,/CH, increased by
96% when compared to the neat polymer, which is between
Robeson upper bound of 2019 and 2008.

The use of ILs to enhance CO, separation in mem-
branes, as a polymer/IL composite membrane, is due to
the high solubility of CO, in selected ILs. In that way, the
IL, when casted with the polymer, is trapped inside the
polymer chain. Several studies have shown that the use of
ILs can increase the permeation of CO, in different poly-
mer matrixes. 22821471190 1apgen et al.l''®! studied the
effects of high contents (20-80%w/w) of 1-ethyl-3-methy-
limidazolium bis(trifluoromethylsulfonyl)imide
([emim][Tf,N]) in poly(vinylidene fluorideco-
hexafluoropropylene) (p(VDF-HFP)) and stated that
increasing the IL content led to a more flexible sample
and this favored the transport of methane, N, and CO,.
The increase of IL content promoted a slight decrease in
CO,/N, and CO,/CH, selectivities while the H,/N, selec-
tivity strongly decreased. The separation mechanism chan-
ged from a diffusion-controlled process to a solubility-
controlled process. The same fact was reported by Uchytil
et al."">12% However, this change in the separation
mechanism led Jansen et al.""'®) to obtain a highly effective
separation of CO,/H,; in high IL content (above 40% w/w)
due to the preferential permeance of CO, rather than H,.

Following these works, Rabiee et al.®*! used poly(ether-
b-amide6) (Pebax1657) as polymer matrix with [emim][BF,]
IL content 20-100%w/w, obtaining similar results as observed
by Jansen et al..!"'® They reported that the addition of IL, as
a low molecular weight additive, caused a plasticization effect
on the membrane body, thus leading to greater chain mobility
and, consequently, penetrant gases diffused faster, and the
permeation increased for all IL levels tested.!® Estahbanati
et al.""* obtained similar results when using the same polymer



matrix (Pebax1657) and IL (emim][BF,]), showing a high
increase in CO, permeability, however, a low increase in CO,
/CH,4 and CO,/N, selectivities of 17% and 34%, respectively,
for a 50% w/w IL in Pebax1657.

Mohshim et al.1'%% studied the effects of [emim][Tf,N]
additions in polyethersulfone (PES) membrane on CO,/CH,
separation. The results showed a dense structure due to a high
compatibility of [emim][Tf,N] over PES with a high increase
in CO, permeation with the addition of 5-15% w/w IL when
compared with the neat membrane. However, the CH, per-
meation also increased for the PES/[emim][Tf,N]. Similar
results were obtained by Mannan et al."?°! who also stated
that more than 20% w/w IL in PES caused a small increase in
CO, permeability and CO,/CHj, selectivity.

The addition of SAPO-34 in the casting process, to prepare
MMM, presents remarkable separation performance due to the
combination of a higher interaction of the membrane with CO,
and a higher CO, solubility related to the presence of IL, as it is
reported by several recent works using different matrix polymer
and different ILs to evaluate the best combination.*>**! ILs can
also be used in post-sealing in MMM to remove void imperfec-
tions and increase CO, permeation, as described by different
researchers.[¢>121122) Mohshim et al.'® studied the incor-
poration of 5-20% w/w of [emim][Tf,N] in PES MMM contain-
ing 20% w/w of SAPO-34. The results showed that the range of
5-20% w/w of [emim][Tf,N] increased CO, permeance in the
range of 170-253% at 30 bar, also the selectivity of CO,/CH,4
increases in the range of 130-210%. The results have demon-
strated that ILs increased the separation performance by acting
as a wetting agent to improve the interfacial adhesion between
SAPO-34 and polymer, producing defect-free membranes. This
wetting agent promotes a better dispersion of the SAPO-34
crystals in the polymeric matrix, which reduces the agglomera-
tion of small crystals, the main responsible for the presence of
voids in the membrane. Dong et al.'**! showed that the use of
mesoporous materials and surface modification using silane
coupling groups can also act as wetting agents and promote
a better zeolite dispersion.

Similar results were obtained by Nasir et al. (2018)"4 in
studying the same PES/SAPO-34/IL membrane with 4% w/w
IL load and comparing the results obtained with PES/SAPO-
34/IL with SAPO-34 doped with EDA and HA. The results
showed that the inclusion of 4% w/w IL reduced the CO,
permeation due to a plasticization effect, a rigidified area
around SAPO-34 particles; however, the CO,/CH, selectivity
was increased by up to 111%. The addition of EDA and HA
increased that plasticization effect, with a lower CO, perme-
ability and an increase in CO,/CH, selectivity from 26.4 to
37.2, although this selectivity is still lower than that reported by
Mohshim et al.,'°*! who obtained a CO,/CH, selectivity of
46.2 for a 5% w/w IL loading.

At the same time, Ahmad et a studied the influence of
SAPO-34 doped with [emim][TF,N] in PSf polymer matrix.
However, these authors used a different approach to modify
the SAPO-34 surface with IL. Instead of only mixing the
SAPO-34 and IL. The zeolite was mixed with ethanol, and
then the IL was added, centrifuged, washed with ethanol and
dried at 60°C. Five percent w/w of the modified zeolites were
dispersed in PSf polymeric matrix. The results demonstrated
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that the inclusion of unmodified SAPO-34 in PSf enhanced the
CO, permeability but reduced the CO,/N, selectivity due to
defects in the interface polymer/zeolite. Despite that, the mod-
ified SAPO-34 showed a 14% decrease in CO, permeance, CO,
/CH,4 and CO,/N, selectivity increased 50% and 31%, respec-
tively, as compared to the neat PSf membrane, possibly attrib-
uted to the improved interfacial adhesion between the polymer
and particles.

Recently, Shafie et al. 24 used 1%, 2%, and 3% w/w of
modified silica particles with [emim][Tf,N] in polycarbonate
(PC) MMM, using a similar surface modification procedure as
Ahmad et al.” The results showed an increase in CO, perme-
ability and CO,/CH, selectivity compared to the pure PC mem-
brane at below 6 bar. PC-Sil-IL with 3% w/w IL modified silica
particles showed the most promising result with 400% higher
CO,/CHy, selectivity, surpassing the 2008 Robeson upper bound
but staying below the 2019 redefined upper bound.

Since deep eutectic solvents (DESs) have emerged as a low-
cost alternative for ILs, the use of those solvents in MMMs
shows a new route that can be studied. Jiang et al.l'**! used
tetra-butylammonium chloride/imidazole, a DES, to functio-
nalize PES membranes for bovine serum albumin (BSA) ultra-
filtration. The results showed that the addition of DES to the
casting solutions improved the membrane porous structure,
contributing to a remarkably enhanced permeability and
a high selectivity of the resultant membranes with
a maximum water flux of 6.45 times higher than the additive-
free membrane and a high BSA rejection of 97.7% at 2 bar.
Craveiro et al.'?®! prepared a PTFE membrane to support
different DESs. The supported liquid membranes exhibited
higher permeability toward CO,, especially using choline
chloride and urea in ratio 1:2. The membrane containing this
DES also showed high selectivity for CO,/CH,, with values
above the 2008 Robeson upper bound. Thus, the use of DESs as
post-sealing agent can be studied in future work.

Conclusions

It has been stated by many researchers that MMMs present
a great potential for further investigation and development of
the separation performance. The use of fillers like SAPO-34 to
improve the separation characteristics is a well-studied case
and can greatly increase membrane performance in gas separa-
tion. The development of surface modification of fillers using
amine groups, silane groups and ionic liquids leads to
a decrease in permeation, despite an increase in selectivity,
and most important, an increase in polymer/filler compatibil-
ity and in filler dispersion in the polymeric matrix. However,
the number of polymers and fillers that can be matched shows
the lack of studies in this subject, especially in the field of
particle/polymer interaction to mitigate interfacial voids,
since the combination of the three parts, filler, surface modifier
and polymer, will define the final characteristics of the mem-
brane according to the strength of the interaction. This
strength must be just enough to mitigate the presence of
voids, since the use of stronger interaction between zeolite
and surface modifier can potentially block the zeolite pores,
leading to a reduction in permeation and selectivity.
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A more extensive work regarding which of the modification
could result in better final performance separation, using the
same MMM with similar initial permeabilities and selectivities
and promoting different superficial modifications to the filler,
obtaining the final performance in separation should also be
considered since permeability and selectivity differ in many
papers making impossible to determine, at this point, the best
surface modification.

The use of deep eutectic solvents can be an alternative to ILs
in a more economical and environmentally-friendly synthesis.
These solvents could be used during the solution preparation
or as a post-sealing impregnation to improve the PES/SAPO-
34 separation performance. Post-impregnation is a way to heal
MMM with poor compatibility after synthesis. Few studies
have reported the use of ILs for that procedure in MMM,
and some works have used DESs in simple polymeric mem-
branes. Thus, no studies have tried the same procedure in
MMM, which shows that this area is still under development.

Nomenclature
P; Permeability coefficient Barrer (10™'%.cm>srp.cm/cm®.cmHg.s)
J; Gas flux cm>srp/cm?s
| Membrane thickness cm
pi Pressure cmHg
a Selectivity dimensionless

Abbreviation list

[bmim][Ac] 1-Butyl-3-methylimidazolium acetate

[emim][BF,] 1-Ethyl 3 methyl imidazolium tetrafluoroborate

[emim][Tf,N] 1-Ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide

6FDA 4,4'-(Hexafluoroisopropylidene) diphthalic anhydride

APDS Dimethoxymethylsilane

APMS 3-aminopropyltrimethoxysilane

APTES Aminopropyltriethxysilanes

BSA Bovine serum albumin

CHA Chabazite structure

DEA Diethylamine

DES Deep eutectic solvent

DLS Dynamic light scattering

EDA Ethylenediamine

HA Hexylamine

IL Ionic Liquid

IPA Isopropyl alcohol

MMM Mixed Matrix Membranes

MOR Morpholine

OA Octylamine

p(VDE-HFP) Poly(vinylidene fluoride-co-hexafluoropropylene)

PC Polycarbonate

PES Polyethersulfone

PHFP Polyhexafluoropropylene

PSf Polysulfone

PTFE Polytetrafluoroetilene

SAPO Silicoaluminophosphate

SDA Structure Directing Agent

SEM Scanning Electron Microscopy

SLS Static laser light scattering

TEA Triethylamine

TEAOH Tetraethylammonium hydroxide

TrMPD 1,3-Diamino-2,4,6-trimethylbenzene

XRD X-Ray diffraction
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