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Abstract

Sandwich-type membranes comprising of graphene oxide (GO) as a “bun” and sodalite (SOD)
nanocrystals with different morphology and size as an inner layer were prepared. First, the SOD
nanocrystals with spheroidal (size of 30 nm) and flake-like (size of 150 nm) morphology were
synthesized from precursor suspensions containing the same amount of GO as a maodifier but
different amount of water. Second, the SOD nanocrystals with different morphology and size were
deposited between two GO layers to form the sandwich-type membrane. The performance of the
sandwich-type membranes in H2/CO2 gas separation was optimized by tuning the properties of the
SOD inner layer. The membrane containing spheroidal SOD nanocrystals showed higher H:
permeance of 4003+1965 GPU and H2/CO: selectivity of 45.5+1.7 at 25 °C in comparison to the

pristine GO membrane (1642+145 GPU and H2/CO:2 selectivity of 11.2+2.1).
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1. Introduction

Recently, graphene oxide(GO)-based composite membranes including GO/MOFs, GO/ZIFs,
GO/COFs and GO/zeolite have attracted great attention due to the fact that the porous material (filler)
can repair the in-plane defects and adjust the interlayer spacing between GO layers. Using GO can
bring additional porosity and thus improve the efficient sieving of light gases or small ions [1-4].
Homogeneous and gap-free dispersion of porous materials including zeolites in graphene oxide
remains the major challenge because of differences properties, which causes the low separation
efficiency of the membranes due to the following reasons: (1) the weak interactions between GO
matrix and the porous materials inevitably results in void formation, which further affects their
separation efficiency, (2) the low content of porous materials weaken their performance in gas
separation if the defects are still present. The GO-based sandwich-type composite membrane can
be prepared by stacking layers with complementary properties in order to improve the gas separation
performance. In GO-based sandwich-type composite membrane, size, morphology, arrangement
and also chemical property of the active inner-layer are the key to improve their membrane
separation performance. The material of the inner-layer should serve two purpose, one is to repair
defects of GO layers, and other is to provide a higher selectivity based on size sieving or diffusional

limitation.

Compared with the traditional method of controlling the morphology and size of porous materials
(such as zeolite), the modulation synergy method is easier to implement by simple adding
modulators to the reaction solution to control the size and morphology of porous materials [5-6], etc.
Recently, GO with abundant oxygenic functional groups (epoxy groups, carbonyl groups, carboxyl
groups and hydroxyl groups) on the edges and basal planes, has been considered to be an ideal
modulator and additive; the GO has tremendous potential as 2D support towards formation of new
composites [7-9]. Faceted ZSM-5 zeolite (6 um) was synthesized via adding 5% GO sheets to the
synthetic mixture, where GO sheets were more stably adsorbed on the {010} and {100} facets than
on the {101} facet, resulting in c-axes oriented growth [10]. Guo synthesized Silicalite-1/GO
composite (1 um), which presented b-oriented nanosheets with three-dimensional intergrowth,
resulting from the oriented array of organic template through dipole-charge interaction with GO’s
functional groups [11]. Another study on Silicalite-1/GO was reported by Wang, in which the particle
size of the Silicalite-1 was increased from 0.6 ym to 12 ym under the assist of 10% GO as the
oxygen-containing groups promoted the nucleation and growth of Silicalite-1 zeolite via favorable

interaction with silica species [7]. GO sheets could completely envelop the zeolite particles and



function as physical barriers to confine zeolite growth [12]. Previous studies have confirmed that GO

is a very effective modulator in the regulation of morphology, size and orientation of zeolites.

In this work, sodalite (SOD) nanocrystals (an aperture size of 2.8 A) with different morphology and
size were synthesized and used as an inner-layer for sandwich-type GO based membrane [13-14].
Firstly, the morphology of SOD nanocrystals was controlled by using GO as synthesis modifier in
the presence of different amount of water (Scheme 1). The low amount of water in the synthesis
mixture guaranteed GO modifier with a narrow layer spacing. As a result, ultrasmall SOD spheroidal
crystals (30 nm) were synthesized using narrow GO sheets. On the other side, the higher amount of
water resulted in larger GO layer spacing that can only serve as anchoring substrate for the growth
of flake-like SOD crystals with dimension of 150 nm. The sandwich-type membrane showed good

H2/CO2 separation performance compared to the pure GO membrane.

2. Experimental Section

2.1. Materials

Sodium Aluminate (Technical, anhydrous) was supplied by Sigma-Aldrich, containing 50-56% Al
(Al203) and 37-45% Na (Naz20). Sodium metasilicate pentahydrate (95%) was purchased from
Aladdin. Graphene Oxide (GO) was produced by the Institute of Coal Chemistry, Chinese Academy
of Sciences; the GO was pre-treated at 50 °C for 24 h before being used in the synthesis of sodalite.
Nylon (Whatman) with 0.2 um pore size was used as a substrate for preparation of the composite

membranes.

2.2. Synthesis of SOD crystals with different morphologies

The classical SOD crystals were synthesized by grinding method following the procedure: 1.53 g sodium
metasilicate pentahydrate and 0.59 g sodium aluminate were mixed by grinder for 15 minutes using a mortar

and pestle. The resulted mixture was thermally treated in an autoclave at 80 °C for 4 h (Table 1).

To modify the morphology and size of SOD crystals, grapheme oxide (GO) nanosheets were added to the
above mixture. SOD with spheroidal shape (sphere-SOD) and SOD with flake-like shape (flake-SOD) were
synthesized by varying the water content in the precursor mixture only (Table 1). The synthesis conditions
for preparation of the three types SOD crystals are summarized in Table 1. The GO used as a modifier for
the synthesis of sodalite crystals (samples sphere-SOD and flake-SOD) was not removal before the

preparation of membrane.



2.3. Preparation of GO/sodalite/GO sandwich-type membranes via layer-by-layer method

GO was dispersed in deionized water under ultrasonication for 2h; the concentration of the GO
suspension was 0.25 mg/g. Then 1 g GO suspension (0.25 mg/g) was diluted in 49 g water and
additionally treated in ultrasonic bath for 2h before deposition on the nylon substrate by vacuum
filtration. Then, 5 mg of samples (SOD, sphere-SOD, flake-SOD) were dispersed into 100 g
deionized water, and deposited on the top of the GO layer (second layer) by vacuum filtration. Finally,
another 1 g GO suspension was deposited as a third layer on the sodalite layer. The membranes
were dried at 25 °C; the membranes prepared with SOD, sphere-SOD, flake-SOD nanocrystals as
interlayer are abbreviated as GO/SOD/GO, GO/sphere-SOD/GO, and GO/flake-SOD/GO,
respectively (Table 2). As a reference membrane, the pure GO was deposited in two subsequent

layers by vacuum filtration using 2 g GO suspension (sample GO/GO).

2.4. Characterization

The crystallinity of the as-prepared samples was determined by powder X-ray diffraction (Bruker D8
Advance) using Cu Ka radiation (40 KV, 40 mA) in the range of 5° to 75° 2. The size and morphology
of sodalite crystals with different morphologies as well as the thickness and homogeneity of the
membranes were measured by a JEOL JSM-7900F scanning electron microscope (SEM) and a
JEOL JEM-2100UHR transmission electron microscope (TEM). Fourier transform infrared
spectroscopy (FTIR) spectra were recorded to study the interactions between sodalite crystals and
GO; spectra were recorded using a Bruker Vertex 70V spectrometer with an average of 64 scans in
the range 400-4000 cm™. The effect GO on sodalite synthesis was investigated via ?°Si DP NMR
and 'H-?°Si CP NMR spectroscopy; the spectra were recorded by a Bruker AVANCE Il 400 MHz
spectrometer. The chemical composition of sodalite crystals with different morphologies was
measured by EDS-SEM using JEOL-7900F SEM and Oxford Instruments X-MaxN Energy-

Dispersive Spectroscopy.

2.5. Membrane permeability test

For the gas permeability test, the membranes were placed in a stainless steel reactor at standard
atmospheric pressure. The schematic diagram of measurement equipment was shown in Figure S1.
One side of the membrane was exposed to gas mixtures (H2/COz), and another side was perched
by argon (Ar). The gas flux of feed gases was measured by a soap-film flow meter. The effective
membrane area was 7.85x10"° m?, which is a circle with a diameter of 10 mm. The permeate flow

tare of the test gas mixtures was analyzed by a gas chromatograph using a SHIMADZU GC-2014C.



The permeance (Pi, GPU, 1GPU= 3.3928x10!° molm?s'Pa?') of membranes was calculated

according to the following equation (1):

b N
L7 Adpi

M

where Ni (mols™?) is the permeate flow rate of component i, A (m?) is the effective membrane area,

Api (Pa) is the trans-membrane pressure drop of i.

The selectivity of membranes was evaluated using the separation (ai;) calculated according to the

following equation (2):
P
Aifj =5 (2
where i, j represents the two components in the gas mixtures.

3. Results and Discussion

3.1. Synthesis of SOD crystals using GO modifier

The SOD crystals were synthesized using the method described in reference report [15]. The XRD
pattern of the sample contains all Bragg peaks characteristics of sodalite (Figure 1 a); the high purity
and crystallinity of the SOD sample are confirmed. The SOD crystals are agglomerated and with an
average dimension of 250 nm (Figure 1d). This SOD sample is used as a reference. The influence
of GO sheets as a modifier on the crystallization of sodalite zeolite was studied. The SOD crystals
synthesized with GO sheets with narrow layer spacing (sample sphere-SOD) exhibit Bragg broad
peaks with lower intensity in comparison to the pure SOD (Figure 1b). The crystal size of the sphere-
SOD sample calculated by Scherrer equation, using the two most intense Bragg peaks at 14.1 ° and
24.5° 20is 28 nm, which is consistent with the SEM result (Figure 1e). This result implies that the
GO sheets limit the growth of sodalite crystals. The morphology of sphere-SOD crystals tightly
wrapped in graphene oxide sheet is shown by TEM (Figure S2a). After adding water in the precursor
mixture for the synthesis of sample flake-SOD (Table 1), the GO sheets spacing increased
weakening the besiegement with the precursor mixture (Figure S2b). The XRD pattern of the flake-
SOD crystals contains intense Bragg peaks due to the presence of intergrown sodalite flakes around
150 nm (Figure 1c), which is consistent with the SEM results (Figure 1f). The GO with large spacing
does not limit the growth of SOD, however increases the surface that gather silica and aluminum

species together in the formation of zeolites [11]. Under increasing the synthesis time, bigger sodalite



flake like crystals with the a dimension over 200 nm are obtained (Figure S3). If only adding free
water into the precursor synthesis mixture without GO, a mixed LTA and SOD phases are obtained

as shown in the XRD (Figure S4).

The interactions between GO and sodalite crystals was studied by FT-IR spectroscopy. The IR
spectrum of pure GO nanosheets (Figure 2a) contains bands at 3430 cm™ (-OH stretch), 1734 cm™
(C=0 stretch), 1624 cm™ (skeletal ring stretch), and 1101 cm (C-0-C stretch) [11, 16-18]. These
peaks in the spectrum of sphere-SOD are blue shifts, i.e., a shift of 6 cm™ and 13 cm™* for the C=0
band and skeletal ring peak in sample (Figure 2b); a more significant blue shift in the flake-SOD of
7 cm, 7cm?, and 14 cm for the OH stretch band, C=0 stretch peak, and skeletal ring stretch peak,
respectively are measured (Figure 2c). Furthermore, the C-O-C stretching mode at 1101 cmis not
present in both spectra of sphere-SOD and flake-SOD. These changes of GO characteristic peaks
reveal the redistribution of the GO’s surface functional groups due to the interaction between GO
and sodalite crystals. The different degrees of the blue shift of the IR bands of sphere-SOD and
flake-SOD samples are attributed to the diverse numbers of valid anchors. As show in the TEM

images, the well-spread GO sheets ensure better contact with the flake-SOD crystals (Figure S2).

The interaction between GO and sodalite crystals was further studied by 2°Si NMR (Figure 3). The
29Sj DP NMR spectra of pure SOD, sphere-SOD and flake-SOD samples all contain a peak at -85.9
ppm, which is related to the formation of Q4, Si (4Al) species, attributing to the present of SOD
(Si/Al=1). While, all the 2°Si DP NMR spectra contain a shoulder at -83.5 ppm, corresponding to Q3
Si (3Al, 1X); the nature of X is confirmed by *H-2°Si CP NMR and the peak at -83.5 ppm is attributed
to Si (3Al, 1H). Therefore, this peak is related to the amount of silanol groups in the samples. From
the peak fitting, the ratio of the shoulder peak area to the total peaks area is 46.5 % (SOD), 49.4 %
(sphere-SOD) and 37.5 % (flake-SOD) samples, respectively. This was in accordance with the
chemical composition of the samples (Si/Al >1), where flake-SOD presents the lowest Si/Al, and
sphere-SOD shows the highest Si/Al due to more defects sites of SOD with smaller particles and
well developed surface area (Figure S5). This result is in the line with FT-IR, where the band at 877
cm-1 corresponding to Si-OH bending mode in the sphere-SOD sample is stronger than in the flake-

SOD (Figure 2) [19].

3.2. Sandwich-type membranes

The sandwich-type membranes were prepared by layer-by-layer method, where for the inner layer

sodalite crystals with different morphologies were used (Scheme S1). The effect of the SOD crystals



with different size and morphology on the structure of the membranes was investigated by SEM.
The surfaces of the composite membranes are shown in Figure 4. For comparison, continuous pure
GO membrane with folds on the surface is shown in Figure 4a. The sphere-SOD crystals with
nanometer size in the GO/sphere-SOD/GO sandwich-type membrane is depicted in Figure 4c. The
bigger flake-SOD crystals form defects in the bulk and on the surface of the GO/flake-SOD/GO
membrane (Figure 4e). The sodalite crystals with larger size do not stack tightly between the GO
layers. The cross-section images show the structure of the sandwich-type membranes, and more
pronounce the difference in the stacking density. The pure GO membrane had the typical lamellar
structure with a thickness of 0.3 ym (Figure 4b). The sandwich-type membranes have a thickness
of about 3 ym (Figure 4d, f). The sphere-SOD crystals in the membrane are more tightly packed
than the flake-SOD. The closely packed sodalite crystals in the GO/sphere-SOD/GO membrane is
considered to be beneficial for defects sealing . While, the loose packing of the flake-SOD increases
the free volume of the in the GO/flake-SOD/GO membrane, which would have a negative effect on

selectivity but possibly will improve the permeance in gas separation.

3.3. Gas separation performance of sandwich-type membranes

The influence of the morphology and size of the sodalite crystals on membranes’ permselectivity
was investigated (Figure 6). As shown, the pure GO membrane exhibits 1642 + 145 GPU hydrogen
permeance with 11.2 + 2.0 H2/CO:2 selectivity factor, which comes from the layer spacing sieving
and defects transportation behavior in the pure GO membrane. The H2/CO:z separation performance
of the sandwich-type membrane is greatly improved by the incorporation of sphere-SOD
nanocrystals. The GO/sphere-SOD/GO membrane shows the highest selectivity factor (45.4+£1.7)
with lowest CO:2 permeance (8811 GPU) that is due to the healing of the defects and high stacking
density. While, the hydrogen permeance up to 4003+197 GPU for the GO/sphere-SOD/GO
membrane is measured resulting from the introduction of sphere-sodalite particles. The mechanism
of the concurrent improvement of H2/CO:2 selectivity and hydrogen permeance is shown in Scheme
2. In contrast, GO/flake-SOD/GO membrane exhibits high hydrogen and carbon dioxide permeance
with unimproved selectivity. The addition of flake-SOD crystals only increases the free volume in the
membrane, while the loose packing of the cryatsls and abundant amount of defects result in

unimproved selectivity compared to pure GO membrane.

The permeance of the sandwich-type membranes was also studied using a single gas (Figure 6, Table
S3). The molecules with bigger kinetic diameter (dnz is 0.364 nm and Dcra4 is 0.38 nm) have higher

permeance than COz, thus revealing that the improvement of gas separation performance come



from the synergistic effect of GO’s defects reduction and the presence of nanosized SOD crystals.
The higher CO: diffusion rate was ascribed to the stronger attraction of the functional groups of GO

to polar molecules than non-polar such as N2 , CHa.

The thermal stability and cycling of GO/sphere-SOD/GO membrane were studied (Figure 7). The
temperature increases from 25 °C to 100 °C on the H2/CO2 mixed gas separation performance of
the GO/sphere-SOD/GO membrane resultes in an increase of permeance of both Hz and CO:
(Figure 7a). The CO2 permeance increases faster compared with Hz, leading to a reduction of the
H2/CO: selectivity factor from 45.4+1.7 to 17.2+0.8 (Table S2). This observation is consistent with
the previous reports; more sensitive COz permeance from temperature increases due to the
formation of interlayer galleries at high temperature [20-21]. Therefore, it is suggested that low
temperature guarantees better performance of the GO based membranes in gas separation.
However, even at 100 °C, the H2/CO: selectivity of GO/sphere-SOD/GO is higher compared to pure
GO membrane. Ten subsequent cycles for GO/sphere-SOD/GO sandwich membrane for H2/CO:
separation at 25 °C were performed. No significant degradation of the membrane performance is

detected, indicating the satisfactory stability in the long run use (Figure 7b).

The performance of the sandwich-type membrane in hydrogen separation is presented by Robeson
upper boundary [22]. As shown in Figure 8 and Table S4, the sandwich-type GO/sphere-SOD/GO
membrane in this work exhibites higher H2/CO: selectivity with relative high Hz permeance compared
to pure GO membranes, indicating that sodalite crystals with proper morphology could seal defects

effectively.

4. Conclusions

Graphene oxide with different amount of water in the precursor mixtures was used as a modifier to
control the morphology and size of the sodalite crystals. Two types SOD crystals with spheroidal
and flake-like morphologies and size of 30 nm and 150 nm were synthesized. The sodalite
nanocrystals and graphene oxide were then used for the preparation of sandwich-type membranes
The nanosized sphere-SOD crystals improved significantly the performance of the membrane in
H2/CO2 mixed gas separation compared with the pristine GO membrane. The high selectivity of the
sandwich-type membrane is due to the sealing of defects of GO layers and improving the stacking
between sodalite nanocrystals and GO. The high stability of the membrane at elevated temperature

and after 10 subsequent test cycles was demonstrated. The performance of the sandwich-type



membrane could be further optimize by controlling the thickness, number of layers deposited, and

packing of crystals in the inner-layer.
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Schemes

SOD crystals synthesized with GO modifier
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Scheme 1. Schematic presentation of the effect of GO modifier with different layer spacing on morphology and size

of SOD crystals. Upper part: small spacing of GO resulted in the synthesis of spheroidal SOD with a size of 30 nm;

Bottom part: large spacing of GO resulted in the synthesis of flake-like SOD with a size of 150 nm.
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Scheme 2. Schematic diagram of gas separation mechanism of pure GO, and sandwich-type GO/sphere-

SOD/GO and GO/flake-SOD/GO membranes



Tables

Table 1. Synthesis conditions used for sodalite crystals with different morphologies

Molar mixture composition
Sample Water/g GO/mg | Synthesis time/h
Si02:A|203:NazO:H20

SOD 2.2:1:3.5:11.1 0 0 4

sphere-SOD 2.2:1:3.5:11.1 0 21 4

flake-SOD 2.2:1:3.5:50.8 2.213 21 4




Table 2. Preparation conditions of GO-based sandwich-type membranes via layer-by-layer method with

different sodalite crystals as interlayer

Membranes First layer Second layer Third layer
GO/SOD/GO 0.25mg GO 5 mg SOD 0.25 mg GO
GO/sphere-SOD/GO 0.25 mg GO 5 mg sphere-SOD 0.25 mg GO
GO/flake-SOD/GO 0.25 mg GO 5 mg flake-SOD 0.25 mg GO
GO/GO 0.25 mg GO -- 0.25 mg GO
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Figure 1. XRD patterns of (a) pure SOD, (b) sphere-SOD, and (c) flake—-SOD samples; .SEM images of (d) pure SOD,

(e) sphere-SOD, and (f) flake-SOD (Scale bar: 200 nm)
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Figure 2. FT-IR spectra of (a) graphene oxide (GO), (b) sphere-SOD and (c) flake-SOD samples
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Figure 3. 2°Si DP NMR spectra (left) with peak fitting and *H-?°Si CP NMR (right) spectra of SOD, sphere-SOD

and flake-SOD samples
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Figure 4. Top-view SEM images and cross-section SEM photos of (a, b) pure GO membrane, and (c, d)

GO/sphere-SOD/GO, and (e, f) GO/flake-SOD/GO membranes
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Figure 5. H,/CO; gas separation performances of pure GO membrane (GO/GO), and sandwich-type GO/sphere-

SOD/GO, GOl/flake-SOD/GO membranes at 25 °C



4500

4000 o
Gas molecule kinetic diameter/nm
H, 0.289
= 3500 Co, 0.33
5 N, 0.364
I CH, 0.38
o
S 3000 == -
a
£
L)
8 150
100 -
N l
o
H, co, N, CH,

Figure 6. Single gas permeance of GO/sphere-SOD/GO membrane at 25 °C
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Figure 7. Permeance of GO/sphere-SOD/GO sandwich-type membrane in H,/CO, mixed gas separation under

(a) temperature increase from 25 °C to 100 °C and (b) in 10 subsequent cycles at 25 °C
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Figure 8. The relationship between H, permeance and H,/CO, selectivity of sandwich-type GO/sphere-SOD/GO

membrane compared with pure GO membranes reported in the literatures [1-2, 23-26]. The upper bound line of H,/CO;

is plotted according to Robeson’s research [22]



