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ABSTRACT: In this work, the high quality Pd/SAPO 34 membranes
were grown on the support using a secondary (seeded) growth
hydrothermal technique followed by insertion of 11-mercaptoundeca-
noic acid capped palladium (MUA-Pd) nanoparticles (NPs) to the
membrane surface. For this, first, the indigenous low cost clay—
alumina support was treated with poly diallyldimethylammonium
chloride (PolyDADMAC) polymer, and subsequently, a seed layer of
SAPO 34 crystals was deposited homogeneously in a regular
orientation. Since PolyDADMAC is a high charge density cationic
polymer, it assisted in reversing the charge of the support surface and
produced an attractive electrostatic interaction between the support
and zeolite crystals. This may facilitate the zeolite grain orientation in
the synthesized membrane layer. Here, the Pd NPs were deposited in
the membrane matrix by a simple dip-coating method. After thermal
treatment of the Pd/SAPO 34 membrane, the defects were formed
because of the removal of the structure-directing agent (SDA) from
the zeolite pores but the presence of Pd NPs, which were entrapped
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inside the nonzeolitic pores and clogged the defects of the membrane. Field emission scanning electron microscopy (FESEM)
and elemental mapping of the membrane cross-section confirmed that most of the Pd NPs were deposited at the interface of the
membrane and the support layer which may increase the membrane efficiency, i.e., separation factor, as well as permeability of H,
through the membrane. As the membrane structure was associated with the oriented crystal, the pores were more aligned and
permeation adequacy of H, through the membrane enhanced. These membranes have a relative hydrogen permeance of 14.8 X
1077 mol-m™>s™-Pa™". The selectivity of H,/CO, based on single gas permeation was 10.6, but for the mixture gas (H,/CO,
55:45), the H,/CO, mixture separation factor increased up to 20.8 at room temperature. It is anticipated that this technique may
be useful for making a defect free membrane and also a hydrogen selective Pd loaded membrane with lower cost (as the quantity

of Pd is low) which can be utilized for a “clean energy” related application.
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1. INTRODUCTION

Hydrogen is often referred to as “clean energy” as it is
nonpolluting and ultimately by oxidation it forms only water.'
However, the production of hydrogen from hydrocarbons,
yields CO,, a green house gas. Thus, to acquire high purity
hydrogen from either syngas or the products of the water—gas
shift reaction,” separation of H, from either CO or CO, is
necessary. Membrane technology has been the center of
research for such hydrogen separation because of its energy
saving potential. Zeolites are routinely used in heterogeneous
catalytic reactions, ion exchanges, sensors, corrosion protection
coatings, and microelectronics devices, and conspicuously, they
have been utilized for gas separation applications due to their
potential advantages of well-defined pore structure, adsorption
properties, and high thermal and chemical stability.** Among
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different types of zeolite,” ' SAPO 34 has been successfully
employed in gas separation,11 catalytic ::1pplication,12 hydro-
carbons transformation,'® etc. It is a microporous crystalline
silicoaluminophosphate molecular sieve with a chabazite
(CHA) type framework that consists of double six-ring prisms
(D6Rs) arranged in layers linked by tilted four-membered rings
(4MRs) having 8-ring apertures with a pore diameter of 3.8 A°
(Figure 1) that permits access to a 3-D channel and cage
system.'* Such geometry allows molecules with small kinetic
diameters to easily diffuse through the crystal structure, and
mostly, these are more preferred for gas separation
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Figure 1. Chabazite type (CHA) framework consists of double six-ring
prisms (D6Rs) arranged in layers linked by tilted four-membered rings
(4MRs) having 8-ring apertures with a pore diameter of 3.8 A”. A
three-dimensional view (According to the database of zeolite
structures available from the International Zeolite Association:
http://www.iza-structure.org/databases/ ).

application."*™*° In the polycrystalline zeolite membrane, the
existence of defects is one of the major hurdles for large scale
application.”’ ~* The cracks or pinholes usually correspond to
macrodefects, while mesodefects and microdefects are inter-
crystalline boundaries that are primarily formed by imperfect
intergrowth between the zeolite crystal grains during hydro-
thermal synthesis. Furthermore, the defects are generally
formed during the thermal treatment of the membrane for
the removal of structure-directing agent (SDA) from zeolitic
pores.”*

Hence, to take advantage of the molecular-sieving and
preferential adsorption properties of zeolite pores, both defect
number and size must be minimized to increase the
performance of the membrane. Thus, the elimination of
possible defects in polycrystalline zeolite membranes is
indispensable and really a big challenge for their practical
application. Until now, much effort has been made toward
eliminating defects in polycrystalline zeolite membranes by
postsynthetic treatments like hydrocarbon impregnation and
coking,**° surface coating,”” "> chemical vapor deposition
(CVD),***" chemical liquid deposition (CLD), 3 etc. All these
methods have some advantages and disadvantages. These
methods were successful and achieved higher selectivity, but the
flux was significantly reduced due to the blockage of zeolite
pores. Besides, all the methods were performed at very high
temperatures, and the increased selectivity was achieved at the
cost of a serious flux decrease. Anthonis et al.** reported a new
technique to reduce the defects in the zeolite membrane by
fabricating a top layer of refractory material. In this case, the
refractory layer could occlude the defects present in the zeolite
layer with no effect on the zeolite pores. However, during
calcination at high temperatures and repeated operation cycles,
new cracks could be formed. Previously, an attempt was also
taken to block the nonzeolitic pores by chemical vapor
deposition (CVD) of Pd nanoparticles (NPs) over the zeolite
membrane.*® Recently, Zhang and co-workers fabricated Pd/Si-
MFI membranes by depositing Pd nanoparticles onto the
membranes via chemical fluid deposition in supercritical CO,
to plug the defects present within the matrix®* but this
technique is not cost-effective because it follows the CVD and
CFT route for nanoparticle deposition.

To solve the problem mentioned above, here, an attempt has
been made to demonstrate an easy method for the fabrication
of Pd loaded SAPO 34 zeolite membrane on the surface
modified low-cost clay—alumina tubular support for separation
of H,/CO, in order to produce clean hydrogen. It is well-
known that the secondary (seeded) growth method has been
revealed to be an influential one and provoked great research
interests in zeolite membranes synthesis.>> However, some
disadvantages are also observed with this technique. Usually,
the main problem associated with zeolite coating synthesis onto
the support is crack formation. As the support layer and zeolite
seed crystals bear a negative surface charge,®® electrostatic
repulsion due to the same surface charges inhibits the
adsorption of zeolite particles onto the support surface which
may lead to inhomogeneous growth of the membrane layer.
Hence, a positive support surface is expected to promote zeolite
particle sorption, and as a result, the formation of a crack may
be reduced by applying an intermediate layer between the
support surface and seed layer.>”*®

In this protocol, the use of cationic polymer poly
diallyldimethylammonium chloride (PolyDADMAC) allowed
the charge of the support surface to be reversed; a positively
charged substrate was obtained, and an attractive electrostatic
interaction between the support and the zeolite seed crystals
was produced.*”*® This may facilitate the formation of a
homogeneous and oriented zeolite layer. After successful
synthesis of the SAPO 34 membrane, it was targeted for the
Pd NPs insertion to reduce the cracks and defects which were
formed during the calcinations process as shown schematically
in Scheme 1. As a result, the hydrogen gas permeability as well

Scheme 1. Schematic Outlook of 11-Mercaptoundecanoic
Acid Capped Palladium Nanoparticles (MUA-Pd NPs)
Loaded in the SAPO 34 Membrane Layer”
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“(a) Before calcinations, and (b) after calcinations.

as H,/CO, separation efliciency can be improved simulta-
neously. Besides the above-mentioned possibility, the insertion
of Pd NPs on the porous sug)port may be of great interest and
useful in chemical industry.*

Usually, metal nanoparticles with controlled particle size and
structures may be prepared using synthetic methods involving
solution-based colloidal chemistry."* In this procedure, the
presynthesized Pd NPs were stabilized with certain a surfactant
and capping agent and dispersed throughout the membrane
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Figure 2. Schematic illustration of different steps involved during the synthesis of the SAPO 34 membrane starting from (a) bare substrate, (b)
PolyDADMAC modified layer, (c) seed monolayer onto the modified support, (d) synthesized membrane by the secondary growth hydrothermal
process, (e) the membrane layer decorated with MUA-capped Pd NPs, and (f) the corresponding binding mechanism between support and zeolite

crystals via the PolyDADMAC intermediate layer.

surface by simple dip coating techniques. Here, the
presynthesized Pd NPs size was approximately 4—5 nm.
Previously, small thiol-protected Pd NPs have been prepared
with ll-merc%‘ptoundecanoic acid by a simple scale-up
synthesis route.*’ According to the literature, the use of capped
Pd, having 2—5 nm particle size, usually minimizes the costs.**
As the hydrodynamic radius of NPs was much larger than the
cavity size of the SAPO 34 zeolite, the NPs cannot occupy the
cavities but instead were surrounded by the membrane surface
as well as entrapped inside the nonzeolitic pores after the
calcinations process as shown schematically (Schemel). The
detailed explanations for repairing the nonzeolitic pores by the
NPs insertion and developing a “reduced defect” membrane for
hydrogen gas separation from CO, has been described in the
Results and Discussion. For better understanding, the gas
permeation studies were carried out by using the Pd/SAPO 34
membranes and SAPO membrane without Pd loading. It is an
easy route to fabricate the Pd/SAPO 34 membrane on a low-
cost clay—alumina support and may be a possible solution for
synthesizing an almost defect free membrane for gas separation
application. Our approach toward the deposition of Pd NPs in
zeolite membrane is very simple and cost-effective which may
help for catalytic membrane synthesis in the future.

2. EXPERIMENTAL SECTION

Materials and Membrane Preparation. All chemicals were used
as received. Ludox AS-40 colloidal silica (SiO,, 40 wt %), phosphoric
acid (H;PO,, 85 wt %), 11-mercaptoundecanoic acid (MUA, 95%),
sodium borohydride (NaBH,), potassium tetrachloropalladate(II)
(K,PdCl,), and poly diallyldimethylammonium chloride solution
(PolyDADMAC, 20% in water) were purchased from Sigma-Aldrich.
Boehmite powder as an alumina source was purchased from SASOL,
Germany while morpholine and acetone were purchased from Merck,
India. Water was purified using a Millipore Milli-Q system (18.2 MQ-
cm). Hydrogen (99.99%), carbon dioxide (99.99%), nitrogen
(99.99%), and oxygen (99.99%) were obtained from BOC India
Ltd. An indigenous clay—alumina tube of 10 mm diameter, 3 mm
thickness, and 60 mm length was used as support for synthesis of the
membrane.

At the first step, SAPO-34 seeds were prepared by a hydrothermal
process from a saturated gel having the molecular composition Al,O5/

SiO,/P,05/H,0 1:0.3:1:66 and morpholin as a structure-directing
agent (SDA). The detailed synthesis scheme was discussed in our
previous report.”® The size range of seed crystals was ~2—3 ym.

Prior to seeding, the support was cleaned with acetone in an
ultrasonic cleaner (Vibracell, USA) for 10—15 min to remove the dust
particles and oily matter. The outer surface of the support tubes was
wrapped with Teflon tape, so that the zeolite layer was formed inside
the tube. Subsequently, the support was modified by cationic polymer
PolyDADMAC (0.5 wt % in 20 mL of H,0) and dried at 60 °C for 30
min leading to DADMAC polycations adsorbed on the clay—alumina
support surface. The treated support substrate was dipped in a 3%
SAPO 34 zeolite seed suspension in deionized water three times for a
duration of 20 s. After the dipping procedure, the seeded supports
were dried at 100 °C for 24 h. Afterward, the seeded substrates were
placed vertically in an autoclave filled with a reaction mixture of the
same composition as that employed for SAPO-34 seed synthesis.
Then, SAPO-34 membranes were prepared inside the tubular porous
support by the secondary-seeded growth hydrothermal technique at
170 °C for 120 h. After synthesis, the zeolite coated membrane was
washed thoroughly with deionized water several times and then dried
in air at 100 °C overnight.

Insertion of Pd NPs onto SAPO 34 Membrane. First, water-
soluble mercaptoundecanoic acid capped palladium nanoparticles
(MUA-Pd) were synthesized by adding the reducing agent NaBH, at a
slow rate under ambient atmosphere. In a typical synthesis, 25.9 mg of
K,PdCl, was first dissolved in 5 mL of water, and then, 20 mL of
acetone was added. To the red solution, phosphoric acid (61 mol vs
Pd) and 11-mercaptoundecanoic acid (MUA, 0.6 mol vs Pd) was
added and stirred for 30 min. After the addition of MUA, the color of
the solution changed from red to orange. The temperature was
adjusted to 0 °C by means of an ice bath, and then, a freshly prepared
aqueous solution (1-2 mL) of NaBH, (10 mol vs Pd) was added
dropwise, until the solution turned black. Pd NPs were precipitated
out from the solution after addition of NaBH, and washed with an
acetone/methanol mixture followed by sonication and centrifugation
(4500 rpm, 10 min) after each washing cycle. Finally, water-soluble Pd
NPs were dispersed by Milli-Q water to prepare 1% and 3% (by wt %)
solution and deposited on the SAPO 34 zeolite membrane surface by a
simple dip-coating technique. After loading of Pd NPs on the zeolite
membrane layer, samples were dried at 100 °C for 1 h and calcined at
550 °C for 5 h under an inert atmosphere. The calcination heating and
cooling rates were 1.5 and 1 °C min™", respectively.

Characterization. The size of the Pd NPs and the implicated Pd
particles in the membrane surface were observed through transmission
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Figure 3. XPS pattern of (a) nonmodified clay—alumina support, (b) PolyDADMAC modified support, (c) Pd/SAPO 34 membrane, and (d) Pd/

SAPO 34 membrane calcined under an inert atmosphere.

electron microscopy (TEM). TEM and HRTEM (high resolution
transmission electron microscopy) was performed using a Tecnai G2
30ST (FEI company, USA) operating at 300 kV. TEM samples were
prepared by drop casting of diluted MUA-capped Pd NPs and
scratching off the coatings of the Pd/SAPO 34 membrane layer onto
the carbon-coated Cu grids. The crystalline pattern of the SAPO 34
membrane and Pd/SAPO 34 membrane was demonstrated by X-ray
diffraction (Philips 1710 diffractometer using Cu Ka radiation (a =
1.541 A°)). The microstructure, elemental mapping with EDAX, and
cross sectional line scanning of the Pd/SAPO 34 membrane layer were
examined using field emission scanning electron microscopy (FESEM:
model Leo, $430i, U. K. and Gemini, Carl ZEISS, £IGMA, Germany).
X-ray photoelectron spectroscopy (XPS) measurements of clay—
alumina support, PolyDADMAC modified support, and Pd/SAPO 34
membrane were carried out on an XPS system (PHI 5000 VersaProbe
II, ULVAC-PHI, INC., USA) using a monochromatic Al Ka X-ray
source (1486.6 eV). Gas permeation studies were done by a specially
designed permeation cell developed in our laboratory. For permeation
experiments, the membrane was mounted in a stainless steel
permeation cell and sealed between two silicon O-rings. Simulta-
neously, the leak test was carried out before the permeation
experiment of each individual gas in order to obtain the correct
data. The complete description of the gas permeation measurement is
given in the Supporting Information.

3. RESULTS AND DISCUSSION

A schematic representation of the membrane synthesis
processes starting from bare support to nanoparticle insertion
are shown in Figure 2a—f. Figure 2a shows the schematic inside
view of the clay—alumina support having a negative surface
charge, and subsequently, the support was modified by cationic
polymer PolyDADMAC to reverse the charge of the support
(Figure 2b). It is well-known that the SAPO 34 surface is rich
in unsaturated —OH groups.*® Thus, the deposition of
negatively charged zeolite particles on the substrate was
enhanced by attractive electrostatic forces between the zeolite
seed crystal and the support surface by introducing
PolyDADMAC as an intermediate linker. Then, a monolayer
of nucleation seed crystals was adsorbed on the support surface
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(Figure 2c), followed by hydrothermal growth and formation of
a homogeneous membrane layer on the support as shown in
Figure 2d. Finally, presynthesized 11-mercaptoundecanoic acid
capped palladium nanoparticles (MUA-Pd) were dispersed
onto the membrane layer by a dip coating technique as
schematically elucidated in Figure 2e. Here, the selection of
PolyDADMAC as an intermediate layer was compatible
because of its higher cationic charge density which can readily
interact with negative surface charges. It is a synthesized linear
polymer and possesses a backbone of a cyclic unit and
quaternary ammonium (—N*(CH;),—) moiety found in each
chain unit. As the polymer is associated with high cationic
charge density, it is able to attract the negatively charged
functional groups of the surface. On the basis of this concept, a
probable binding mechanism of zeolite seed crystals with the
support surface through the PolyDADMAC intermediate linker
was depicted in Figure 2f. The electrostatic interaction occurred
between the full-fledged charge center of the quaternary
ammonium (—N*(CHj;),—) moiety and the surface hydroxyl
group of the support which formulates a smooth surface for
seed layer deposition. On the other hand, an apparent
electrostatic interaction also happened between the negatively
charged surface hydroxyl group of zeolite seed crystals and the
positively charged quaternary ammonium (—N*(CH;),—)
moiety.>® As the nitrogen atom has the positive charge on
the PolyDADMAC backbone, the negatively charged SAPO 34
seed particles can easily interact with it, which facilitates the
selective deposition of a uniform seed layer on the support
surface.

In order to understand the interaction of PolyDADMAC
with support and seed crystals, an X-ray photoelectron
spectroscopy (XPS) study was carried out. Figure 3a—d
describes the XPS pattern of the bare support, PolyDADMAC
modified support, Pd/SAPO 34 membrane, and calcined Pd/
SAPO 34 membrane, respectively. It is an effective way to
investigate the interaction between the polymer and support
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Figure 4. Fitted and deconvoluted spectra for the Pd 3d region of the Pd/SAPO 34 membrane (a) before calcinations, and (b) after calcinations.
The Gaussian—Lorentzian function was used for deconvolution of the Pd 3d region.

surface. Figure 3a shows the XPS survey spectrum of the
nonmodified support which reveals the presence of O 1s, Al 2p,
Al 2s, Si 2p, Si 2s, and O (Auger) peaks and their related
binding energies (BEs).* Besides those, C 1s, a small peak was
found in the survey scan due to adventitious organic
contamination from atmospheric exposure between sputter
deposition and analysis. XPS survey spectra of the modified
clay—alumina support, as displayed in Figure 3b, confirm the as
proposed binding mechanism of PolyDADMAC with the
support surface. The signals of Cl 2p, CI 2s, N 1s, and C 1s
appear at 199.2, 268, 400.3, and 284.7 eV in the XPS spectra,
respectively, confirming the presence of the PolyDADMAC
layer on the support surface.**’

In addition, the other signals (O 1s, Al 2p, and Si 2p) with
little intensity were obtained due to the subsequent
PolyDADMAC functionalization on the support surface. The
high resolution peak of the selected area (as the inset of Figure
3b) was given for better understanding. According to the
literature, the most prominent peak for the N 1s XPS data
shows the component at BE 402.6 eV, attributable to the
—(CH,),—N*-(CHj;),— structure, but in this case, the negative
shift to lower BE (400.9 eV) was noticed and possibly due to
the electrostatic interaction between the positively charged
nitrogen of PolyDADMAC and the negatively charged support
surface where the electron transfer occurred from the hydroxyl
group (—OH) to the positively charged N* center of
PolyDADMAC.* The highest intensity for C 1s at a BE of
284.7 eV was obtained due to the presence of the C—H/C—C
group present in the PolyDADMAC network. Also, the XPS
study was performed to ascertain the compositional informa-
tion as well as the electronic state of the element present in the
Pd/SAPO 34 membrane and calcined Pd/SAPO 34 membrane,
respectively, as shown in Figure 3c,d. The XPS survey scan of
the Pd/SAPO 34 membrane shows the O (Is and 2s), Al (2p
and 2s), Si (2p and 2s), P (2s and 2p), and Pd (3d)
photoelectron lines, and their corresponding BEs match well
with the standard values. To obtain a better understanding of
the surface chemical states of the Pd, XPS studies were
performed. The XPS of the Pd 3d core level is an important
method to know the electronic state of the surface region of the
Pd NPs. Figure 4a,b shows the XPS deconvolution for the Pd
3d region of the uncalcined Pd/SAPO membrane and calcined
Pd/SAPO 34 membrane, respectively. Figure 4a depicting the
deconvoluted Pd 3d XPS curves demonstrates two sets of

doublets for the Pd 3d;,, and 3ds,, peaks. The individual
component showed that the two forms of Pd, i.e., Pd(0) and
Pd(II), were present in the zeolite membrane matrix. According
to the literature, the electron BEs of the Pd 3d;,, peak for
metallic Pd are in the range of 334.6—335.6 eV.>*>!

In this case, the peak values at 335.5 and 340.8 eV denote the
BEs of Pd(0) for the major spin—orbit doublet of Pd 3ds, and
Pd 3ds,, respectively, whereas appearance of a peak at higher
values, i.e., 336.4 and 341.7 eV, attributed to its oxidation state
of Pd (II). In the case of polymer/surfactant protected metal
NPs, the shift to higher BEs has been related to the presence of
positively charged metal atoms at the NP surface due to the
interaction with the capping agent.*"*°*% The same
interpretation can be realized for this case also. After
calcinations at inert atmosphere, the major peaks for Pd 3ds,,
appeared at 333.8 and 334.8 eV, respectively (Figure 4b).This
may be due to the formation of mainly Pd (0) and a state
between Pd(0) and Pd(II). This peak shifting at lower energy
may be due to interaction of the Pd NPs with the zeolite matrix
at the interface.* Thus, from the above discussion, it appeared
that in the Pd/SAPO 34 membrane after thermal treatment
under an inert atmosphere the Pd NPs preferably remain in a
zero oxidation state,*>*

The transmission electron microscope (TEM) images along
with selected area electron diffraction pattern (SAED) and the
corresponding EDAX spectra of mercaptoundecanoic acid
capped Pd NP (MUA-Pd) were provided in the Supporting
Information (Figure S1). Figure Sa—d describes the TEM
studies of the SAPO 34 zeolite membrane. As expected, the
high resolution TEM image of the Pd/SAPO 34 membrane
(Figure Sb) shows that Pd NPs were small clusters of uniform
size of around ~4—5 nm embedded in the surface of the zeolite
crystals. The high-resolution TEM (HR-TEM) image illustrates
the characteristic lattice fringes pattern corresponding to the Pd
(111) plane. Figure Sc shows the TEM analysis of the Pd/
SAPO 34 membrane after heat treatment at 550 °C under an
inert atmosphere. The relatively larger Pd NPs of size ~16.4
nm were noticed after thermal treatment. According to the
literature, at higher temperature, surface melting of the
nanoparticles leads to their migration on the surface and
agglomeration with neighboring particles to yield large
clusters.>® After careful observation and measurement from
the HR-TEM image, it shows the existence of lattice spacing
equal to 0.231 nm which is close to the spacing of the (111)
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Figure 5. TEM micrograph of (a) SAPO 34 membrane layer, (b) high
resolution (HRTEM) image Pd/SAPO 34 displaying the lattice fringes
of the Pd nanoparticle located on the membrane layer, (c) HRTEM
image of the Pd nanoparticle insertion in the membrane layer showing
the crystalline fringes after the calcinations process corresponding to
the Pd (111) plane (inset shows the EDS spectra of the Pd/SAPO 34
membrane), and (d) Fourier filtering images considering the Pd NPs;
the inset shows the FFT pattern which clearly shows the spot
corresponding to the Pd(111) lattice planes.

planes in face centered cubic (fcc) Pd (0.223 nm) (JCPDS card
no 46-1043).%° The corresponding TEM-EDS analysis (inset of
Figure Sc) confirms the presence of mainly O, Al, Si, P, and Pd.
The peaks of Cu and C appear from the carbon coated Cu grid
used for the TEM study. The Fourier filtering images obtained
from the consequent HR-TEM image is shown in Figure 5d. In
Figure Sd, the Fourier diffractogram (FFT) obtained from the
nanoparticle clearly shows two spots characteristics of Pd NPs.

The formation of phase pure, highly crystalline SAPO 34
zeolite on the support surface and the existence of Pd NPs on
the membrane surface were confirmed by X-ray diffraction
(XRD) patterns as revealed in Figure 6a—c. Figure 6a,b depicts
the XRD pattern of the bare support and the SAPO 34
membrane layer on an unmodified support, respectively. In
order to compare the crystal orientation in membrane layer,
XRD analysis was carried out for the membrane layer on the
modified and unmodified support, respectively. The diffraction
peaks obtained from the membrane layer are in agreement with
those re;)orted in the literature besides the signals from the
support.””** Figure 6¢ describes the XRD pattern of the Pd
containing the SAPO 34 zeolite membrane on the modified
support. From the diffraction pattern, it is clear that the
intensity of the (210) peak is higher as compared to other
(100), (—110), (220), (211), and (—131) peaks and proves the
presence of oriented crystals in the membrane layer,” but the
membrane prepared on the unmodified support showed the
random orientation. In addition to SAPO 34 zeolite (Figure
6¢), the Pd face-centered cubic phase has been identified from
the Pd (111) peaks which confirms the presence of Pd NPs in
the membrane layer. Compared to strong peaks that originated
from SAPO 34 in the diffraction patterns, peaks associated with
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Figure 6. XRD patterns of (a) clay—alumina support, (b) the SAPO
34 membrane layer prepared on the nonmodified support, and (c) the

Pd/SAPO 34 membrane layers on the modified support by the
secondary growth hydrothermal technique.

Pd NPs within the membrane were too weak to be observed
clearly, presumably because of their small sizes or lower
concentration.”

The result obtained from the XRD pattern explained that,
during the calcination process, the presence of Pd NPs did not
affect the crystal structure of the SAPO 34 zeolite, likely due to
the fact that the implicated nanoparticles were too large to
occupy the cavities (0.38 nm) of the framework. In general,
during the heat treatment process of the as synthesized
membrane, the structure-directing agents (SDA) or any other
organics are removed, and as a result, nonzeolitic pores, i.e.,
intercrystalline gaps, defects, or cracks, are formed. Hence, it
may be believed that the nonzeolitic pores were occupied by Pd
NPs during the thermal treatment of the membrane and further
interpretation was established by FESEM studies, EDAX
analysis, and elemental mapping.

Figure 7a depicts a FESEM micrograph of the surface
morphology of the Pd/SAPO 34 membrane layer prepared on
the PolyDADMAC modified support. Morphology of the clay—
alumina support and the seeded support has been given in the
Supporting Information (Figure S2). It shows that most of the
seed crystals were deposited closely and arranged homoge-
neously which ultimately facilitated the formation of a uniform
membrane layer with an interlocking structure. No visible
cracks, pinholes, or other macroscopic defects were observed
on the synthesized membrane surface. Furthermore, the
FESEM micrograph of the Pd/SAPO 34 membrane after
thermal treatment is illustrated in Figure 7b. As the whole
membrane surface was analyzed intensely by selecting a
different area, the focus was to indentify the defective area
and to verify the presence of nanoparticles inside it. Quick
observation of the surface morphology of the membrane layer
obtained from the FESEM study revealed homogeneous,
interlocked dense structure, but some macroscopic defects,
i.e, cracks or pinholes (indicated by the dotted circle), were
observed; it was anticipated that those defects were developed
during the calcination process. However, definitely the
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Figure 7. FESEM micrograph of the (a) synthesized Pd/SAPO 34 membrane layer, (b) calcined Pd/SAPO 34 membrane layer (the dotted circles
with the arrows show the defects formed after calcinations processes), (c) corresponding EDAX spectra taken from the selected area indicated by the
dotted circle (inset, table showing the quantitative analysis), (d) cross-sectional view of the Pd/SAPO 34 membrane layer, (e) cross-section with line
scanning view of the Pd/SAPO 34 membrane, and (f) the corresponding spectra of O, Al, Si, P, and Pd during the elemental scan (distance in

micrometers).

existence of guest Pd NPs, which occupied and plugged into
the nonzeolitic pores, assisted in the development of a nearly
reduced defect membrane for practical application. This
elucidation was confirmed by EDAX analysis of the defective
area (dotted circle) present in the membrane layer (Figure 7c).
EDAX results confirm the formation of the phase pure SAPO
34 membrane along with the presence of Pd NPs which reside
within the nonzeolitic pores of the membrane. The quantitative
elemental analysis of the synthesized Pd/SAPO 34 membrane
coating is described in the table inset in Figure 7c. Here, the
quantity of Pd is comparatively lower with respect to the
membrane matrix. From the above discussion, it can be
concluded that, during thermal treatment, two important
phenomena were carried out simultaneously: first, formation
of nonzeolitic pores during the removal of structure-directing
agent and, second, migration of Pd NPs which were entrapped
inside the nonzeolitic pores and clogged the defects. Figure 7d
describes the cross sectional view of the SAPO 34 zeolite
membrane. According to the image, it can be seen that the
uniform membrane layer with a thickness of about 25 pm was
formed on the support surface. Figure 7e represents the cross-
section view with line scanning of the Pd/SAPO 34 membrane
on the modified substrate. The corresponding spectra (distance
in micrometers) of O, Al, Si, P, and Pd during the elemental
scan are shown in Figure 7f During line scanning, the
appearance of the phosphorus peak confirmed that the
membrane layer was formed on the modified support surface
only. In addition, the Pd peak was also detected during line
scanning, but very interestingly, the intensity of the palladium
peak was at a maximum near the interface of the membrane and
support layer. It is assumed that, during thermal treatment,
most of the Pd NPs penetrated rapidly deep inside the
membrane layer through the intercrystalline gaps (nonzeolitic
pore) and deposited at the interface. The above discussion is
strongly confirmed by the EDS elemental mapping (O, Al Sj,
P, and Pd) of the Pd/SAPO 34 membrane and clay—alumina
cross section as illustrated in Figure 8 a—e.

It clearly shows that the O, Al Si, and P are uniformly
distributed in the membrane layer and the absence of
phosphorus signals on the support confirmed that the
membrane layer was developed on the modified support

Figure 8. FESEM elemental mapping of the Pd/SAPO 34 membrane
cross-section: (a) oxygen, (b) aluminum, (c) silicon, (d) phosphorus,

and (d) palladium.

(Figure 8d). In addition, Figure 8e shows the deposition of a
thin Pd layer at the interface of the membrane layer and finally
confirms the location of the Pd NPs. The higher concentration
of the Pd NPs location in the membrane-support interface after
the thermal treatment process confirmed that the guest Pd NPs
plays a vital role to repair the nonzeolitic pore in a suitable way.
For comparison, EDAX analysis of the uncalcined Pd/SAPO 34
membrane cross section was studied as given in Figure S3 in
the Supporting Information. The results showed that there is
no such deposition of Pd at the membrane support interface
and Pd possibly distributes on the whole membrane surface
uniformly. For confirmation, FESEM elemental mapping of the
Pd/SAPO 34 membrane surface was carried out and it showed
that the O, Al, Si, and P are uniformly distributed within the
membrane layer along with Pd. From these results, it can be
explained that the migration of Pd NPs from the membrane
surface to the membrane support interface through the
intercrystalline gap repairs the nonzeolitic pores.

To confirm the results and repeatability of the studies, the
same experiments were carried out with higher Pd loading. The
results obtained are described in Figure 9a—d. Figure 9ab
shows the FESEM image of the Pd/SAPO 34 membrane cross
section and the corresponding line scanning profile, respec-
tively. The inset of Figure 9a shows the cross sectional image of
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Figure 9. (a) FESEM line scanning profile of the Pd/SAPO 34 membrane cross-section (inset shows the membrane thickness), (b) corresponding
spectra of O, Al, Si, P, and Pd during the elemental scan (distance in micrometers), and (c—g) spectra of individual elements.

the Pd/SAPO 34 membrane layer. The peak for the Pd was
prominent at the membrane support interface. When a quick
look was taken, it was observed that the Pd concentration
increased at the junction, i.e., between 30 and 40 ym, where Sj,
Al, and P concentrations were at a minimum. According to
Figure 9b, there was no Pd signal at the right side (membrane
surface) or left side (support surface) of the membrane cross
section.

The spectra of each element like O, Al, Si, P, and Pd are
shown in Figure 9c—g, respectively. Thus, it is interesting to
prove that the Pd loading with different concentrations is
possible with repeatability at the interface of the Pd/SAPO 34
zeolite membrane.

This technique has the advantage that the Pd only plugs the
intercrystalline gaps between zeolite crystals, ie., nonzeolitic
pores, and makes only free zeolitic pores available for gas
transport. As the size of the Pd NPs was larger than the
corresponding pores of the SAPO 34 zeolite (0.38 nm), they
could not occupy the inside of the zeolitic pores and were
occluded in the nonzeolitic pores. On the basis of these
important characterization results along with the detailed
explanation, it is strongly recommended that the intercon-
nected Pd NPs facilitated the obstruction of the nonzeolitic
pores and hence developed a high quality zeolite membrane for
hydrogen separation. In the case of the Pd catalytic membrane,
the maximum reaction has taken place at the interface. For
selective H, permeation, at higher temperature, the dissociation
and diffusion takes place at the metal—support interface.
However, due to the configuration of the dense palladium
membrane, permeability has been reduced to a great extent, but
the porous membrane along with Pd loading in this fashion
may influence the permeability and increase the reactivity of the
membrane. The layer thickness of palladium may reduce the
cost of the membrane. In this work, it is the most interesting
phenomena noticed in the Pd loaded SAPO 34 membrane. To
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our knowledge, there is still no report on this kind of
membrane.

Finally, in order to check the Pd/SAPO 34 membrane
quality, gas permeation studies were carried out at room
temperature in different feed pressures. The flow rate of
different gases was controlled by the mass flow controller
(MEC). Figure 10 describes the single gas permeance of

[
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Figure 10. Single gas permeances of different gases through SAPO 34
and Pd/SAPO 34 membranes prepared on modified supports at 30 °C
and 200 kPa feed pressure as a function of the gas kinetic diameter.

different gases through SAPO 34 membranes prepared on
modified supports with and without Pd loading at 30 °C and
200 kPa feed pressure as a function of the gas kinetic diameter
(nm). It is interesting to note that single gas permeance
through the Pd/SAPO-34 membrane at room temperature
changed dramatically in comparison to the SAPO 34 membrane
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Figure 11. (a) Room temperature single gas permeation study, and (b) subsequent separation selectivity values of SAPO 34 and Pd/SAPO 34

membranes at different feed pressures (flow rate, 100 mL min™").

without Pd loading. As the kinetic diameter of H, (0.29 nm) is
less than CO, (0.33 nm), O, (0.346 nm), and N, (0.364 nm),
H, can permeate faster than other gases through the channel of
the SAPO 34 zeolite having a pore size of 0.38 nm. As the
kinetic diameter increased, the difference in permeability of the
gases through those membranes decreased. Mostly, the
significant reduction of hydrogen permeance in the case of
the Pd/SAPO 34 membrane as compared to the SAPO 34
membrane indicated the drastic reduction of nonzeolitic pores.
However, in the case of the SAPO 34 membrane, the higher
permeance value of H, was obtained because of the presence of
defects. From this result, it can be concluded that the
nonzeolitic pores are at a minimum in the SAPO 34 membrane
after Pd NPs loading.

As our work is based mainly on gas permeation studies of H,
and CO,, detailed permeation studies on H, and CO, at
different feed pressures were carried out with the Pd/SAPO 34
membrane. Figure 11 describes the change of single gas
permeability of H, and CO, and their respective separation
efficiencies through the SAPO 34 and Pd/SAPO 34 zeolite
membrane at different feed pressures. It shows that the rate of
increase of the permeance values of CO, with feed pressure is
less than that of H,. At high pressure, CO, adsorbs more
strongly on the SAPO 34 zeolite membrane surface than H,
and the rate of desorption of CO, from the membrane surface
also decreased as compared to H,. Thus, with increasing
pressure, the change of permeance of CO, was not significant.
Hence, due to the preferential adsorption and diffusion of CO,
on the SAPO 34 zeolite surface and the difference in molecular
size between H, and CO,, there is a difference in the
permeance values through the SAPO 34 zeolite channels.

According to Figure 11a, as expected, the H, permeability
through the Pd/SAPO 34 membrane was lower than that
through the SAPO 34 zeolite membranes and the drastic
reduction of the H, permeance value as compared to SAPO 34
indicates that nonzeolitic pores were repaired by Pd NPs.
Again, in the case of Pd/SAPO 34, the CO, permeance values
are almost equal at different feed pressures which confirms the
removal of nonzeolitic pores and permeability through the Pd/
zeolite membrane mainly due to the molecular sieving process
which is less dependent on feed pressure. Figure 11b shows the
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comparative study and corresponding H,/CO, selectivity
values by using SAPO 34 and Pd/SAPO 34 membranes at
different feed pressures. The selectivity value gradually
increased with increasing feed pressure, and it was due to the
higher permeance values of H, as compare to CO, at different
feed pressures. The highest H,/CO, selectivity value in the case
of the SAPO 34 membrane was found to be 6, but in the case of
the Pd/SAPO 34 membrane, it was 10.6. The enhancement of
the separation performance is probably attributed due to the
reduction of nonzeolitic pores in the Pd/SAPO membrane and
the longer effective diffusion path through the whole membrane
thickness. The synthesized membrane shows higher hydrogen
permeation results, because of the membrane layer orientation.
As the membrane structure was associated with the maximum
number of oriented crystals, the pores were more aligned. As a
result, the resistance of the gas transport through the aligned
channel was less, and accordingly, membrane resistance
decreased and permeation adequacy of H, through the
membrane was enhanced.

The real performance of the membrane for hydrogen gas
separation from a mixture can be evaluated from their mixture
gas separation studies. Figure 12 describes the comparison of
permeance of H, and CO, in a binary gas mixture (H,/CO, =
55:45) as well as single gas permeation. In the case of a single
gas, the permeance, of both H, and CO,, remains almost
constant with increasing feed pressure. It indicates that the
nonzeolitic pores in the Pd/SAPO 34 membrane have been
removed appreciably, but in case of a mixture gas, the
permeance of H, is reduced drastically compared to CO,
with increasing feed pressure. This phenomenon can be
explained by an adsorption—diffusion mechanism. With
increasing feed pressure, CO, adsorbed preferentially compared
to H, because of its stronger electrostatic quadruple moment
and the permeability remained almost the same. On the other
hand, in the case of H, permeability, due to preferential
occupancy by CO,, the permeability of H, through the zeolite
pores was hindered and reduced; as a result, the H,/CO,
mixture separation factor was reduced with respect to different
feed pressures.

The highest mixture gas separation factor for the Pd/SAPO
34 membrane was achieved at 20.8. However, the mixture
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Figure 12. Permeance of H, and CO, for a single gas (dotted line)
and a mixture gas (solid line) (H,/CO, 55:45) at 30 °C as a function

of feed pressure for the Pd/SAPO 34 membrane (flow rate, 100 mL
min_l).

separation factor in the case of the SAPO 34 membrane was
6.2. The change of the separation factor of H,/CO, gas mixture
with a different membrane is described in Figure 13. It is clear

25
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Figure 13. Room temperature H,/CO, (55:45) mixture separation
factor as a function of different feed pressures for the SAPO 34
membrane and the SAPO 34 membrane with different Pd loadings
(flow rate, 100 mL min™"). Error bars signify variance in GC injection
measurements.

from the figure that the separation factor increases with
increasing Pd NP loading in the SAPO 34 membrane. The
higher NP loading removed and repaired more nonzeolitic
pores, and as a result, the H,/CO, separation factor increased
accordingly. Both values, i.e., hydrogen permeation®>**% (as
shown in Table 1) and separation factors, were higher than the

literature values.">'®* Combining all these aspects, it is
concluded that the separation selectivity of the SAPO
membranes increases tremendously after insertion of the Pd
NPs which can reduce the nonzeolitic pores to a large extent
and improve the membrane quality for hydrogen gas
separation.

4. CONCLUSIONS

The present paper highlighted how the nonzeolitic pores of the
synthesized membrane can be repaired by the insertion of
palladium nanoparticles in the membrane matrix which shows
higher H,/CO, separation results as compared to the
synthesized SAPO 34 membrane. Orientation and drastic
reduction of nonzeolitic pores in the membrane layer may
enhance the membrane quality for gas separation application. It
has been investigated and found that the intermediate layer
plays an important role and offers a convenient process for seed
layer deposition and an important step to minimize the
nonzeolitic pores in the earlier stages of membrane fabrication.
In addition to experimental evidence, the permeation results of
hydrogen gas at different feed pressures for the SAPO 34
membrane and the Pd/SAPO 34 membrane demonstrated the
drastic reduction of nonzeolitic pores in the membrane layer.
The noticeable improvement in the H,/CO, mixture
separation factor from the SAPO 34 membrane to Pd/SAPO
34 finally satisfied the objective of synthesizing an almost defect
free membrane. The H,/CO, mixture separation factor was
increased up to 20.8 at room temperature, but in case of the
SAPO 34 membrane without Pd loading, the separation factor
was 6.2. For the first time, we have synthesized the Pd loaded
high quality SAPO 34 membrane in an easy and simple route.
Moreover, the selection of a natively developed low-cost
support ultimately reduced the membrane cost. Combining all
these important aspects along with the interesting experimental
evidence, the synthesized membrane is highly qualified for
hydrogen gas separation application. As the membrane is not
completely defect free, still, improvement is needed to enhance
the separation performance. Apart from gas separation
application, the palladium nanoparticle loaded membrane may
be implemented for various applications especially for high
temperature application. The most interesting part of this work
is the deposition of Pd nanoparticles in the form of a thin layer
at the support membrane interface, which may be useful for
synthesizing metal loaded catalytic membranes in the future.
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TEM images along with the SAED pattern and the
corresponding EDAX spectra of 11-mercaptoundecanoic acid
capped palladium nanoparticles (MUA-Pd), morphology of the
clay—alumina support and the SAPO 34 seeded support, and
EDAX analysis of the uncalcined Pd/SAPO 34 membrane cross

Table 1. Comparison of Hydrogen Permeance of Pd/SAPO 34 Membrane with Literature Values

temp. method to repair
membrane support (K nonzeolitic pores
Pd/zeolite A a-ALO; 473 impregnation of Pd salt
Pd/Si-MFI a-ALO, 303 deposition of Pd NPs
C/SAPO 34  a-Al,O, 298 thin carbon coating
Pd/SAPO 34  low-cost clay- 303 deposition of Pd NPs

ALO;

deposition

technique remark H, permeances (mol'm s™'-Pa™") ref.
CVD high cost 2.65 x 1077 33
CFT high cost 34
dip-coating easy 10 X 1078 61
dip-coating cost-effective and 14.8 X 1077 this

easy study
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