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1 Thermogravimetry-mass spectrometry (TG-MS) and N, adsorption-desorption
Characterization of hydrotalcite (HT) and layerd double oxide(LDO)
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Figure S1. TG-MS spectra of (a) HT; (b) LDO.

Figure S1(a) presents the TG-MS diagrams for HT. The TG profile indicates two major weight losses.
The first at about 460K ascribes to interlayer water loss (m/z=18); the second at about 653K corresponds
to the loss of water from the decomposition of OH groups in the host layers and the removing CO, from
decomposition of interlayer carbonate anions (m/z=44)"". At the same time, the TG profile also shows a
small weight loss below 400K, which attributes to adsorption of water in the environment for the sample.
In the TG-MS curves of LDO (Figure S1 (b)), gradual weight loss is also observed with increasing
temperature. The weight loss around 346K is assigned to the loss of water, which was adsorbed by LDO
from the environment. It is worthwhile to note that an amount of CO, was released around 513K. The

reason is that the LDO was obtained from calcined HT in the air without any protective gas, which leads



to the adsorption of CO;, from the environment for LDO. And the adsorption of CO, creates necessary
conditions for LDO to reconstruct HT in PEIE solution. Concurrently, the N, adsorption-desorption
analysis shows that LDO has larger BET surface area and pore volume than HT (Table S1), which means

that LDO is more loose and porous.

Table S1. BET surface area and porosity characteristics of HT and LDO
obtained from N, adsorption-desorption data

sample BET surface area (m’g™") Pore volume (cm’g™")
HT 82.8040 0.6725
LDO 247.5685 0.9092

2 Chemical structure analysis of PEIE-HT Complex

(1) ATR-FTIR analysis

The ATR- FTIR spectra of the hydrotalcite(HT) is shown in Figure S2(a). An intense and broad peak
at 3426cm’ is ascribed to the stretching vibration of hydroxyl groups of HT host layer layers and
interlayer water molecules*™®. A band is also observed at 1366cm™ and this feature has been attributed to
the vibrational absorption of interlayer COs> . At the same time, the absorption bands around 600-
900cm™ is assigned to M-O (M=Mg, Al)*. The result shows that the sample has the typical brucite-like
layer of hydrotalcite and the presence of mobile anions and water in the interlayer. The ATR-FTIR
spectrum of the PEIE is shown in Figure S2 (b). The broad absorption bands around 3268cm™ and
3426cm™ are assigned to amino-group and hydroxyl, respectively’ ', whereas the presence of the alkyl
stretch at 2922cm™ and 2843cm™ indicates that the alkyl chain are attached to the amino-group and
hydroxyl'* . The absorption bands of the N-H and C-H are 1555 cm™ and 1461 cm™ respectively'®. The
peaks at 1406cm™, 1296cm™are assigned to the OH deformation vibration, while the peaks at 1100cm™,
1050cm™ are attributed to the stretching of C-O'" ' '°  The result indicates that the polymer has a
derivative structure of polyethyleinimine (PEI) and contains a certain amount of hydroxyl group. The
Figure S2 (c) is the ATR-FTIR spectrum of PEIE-HT complex. It shows that the characteristics
absorption peak of HT was observed in PEIE-HT complex: the interlayer carbonate ions (COs™)
characteristic absorption peak at 1366cm™, the stretching vibrations peak of OH on host layer around
3426cm™ and the absorption bands of M-OH(M=Mg, Al) around 600-900cm™, which indicate that the
HT reconstructed in PEIE solution successfully. Moreover, the absorption bands of the PEIE were
appeared in PEIE-HT complex too. But the absorption bands at 1406cm™ and 1296cm™, which are
assigned to the deformation vibration of OH on the PEIE alkyl stretch, become weak, because the
hydroxyl groups of the PEIE were consumed partly with the occurrence of the coupling reaction. Besides,
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the a new peak at 1265cm™ is attributed to the stretching of Si- . The absorption bands around

1100cm™ are assigned to the C-O-Si and C-O stretching vibrations, and the absorption bands around



1050cm™ are assigned to the Si-O-M(Mg, Al) >** and C-O. The results showed that the PEIE and HT
were coupled successfully by using the APTES as the molecular bridge.
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Figure S2. ATR-FTIR spectra of (a) HT; (b) PEIE; (c) PEIE-HT complex.

(2) XPS analysis

As illustrated in Figure S3, Cls spectra of the PEIE-HT complex show peaks at 282.8, 284.6, 285.7,
286.5 and 288.3e¢V which correspond to C-Si ,C-C/C-H, C-N, C-O-Si/ C-O-H and COs”, respectively” .
The Si2p orbital consists of Si- C, Si-O-Mg, and Si-O-C groups that occur at normalized binding
energies of 100.8eV, 101.6eV, and 102.5¢V, respectively*” *'~. Figure S3(c) shows that Mg2p spectra
have peaks at 49.3 eV and 48.4 eV which correspond to Mg-O-H group and Mg-O-Si group,

293738 In Figure S3(d), the narrow scan of AI2p region shows a peak at 73.8eV

respectively
corresponding to Al-O-H of LDHs group and a peak at 73.1 eV corresponding to Al-O-Si group™ ™. The
XPS analysis indicate that the PEIE-HT complex contains both C-O-Si groups and M (Mg,Al)-O-Si
groups. The results show that the silane coupling agent (APTES) played the role of the molecular bridge
between the PEIE and the HT through reacting with the hydroxyl groups on the polymers and HT host

layers.
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Figure S3. XPS spectra of the PEIE-HT complex: (a) C1s spectra; (b) Si2p spectra; (c) Mg2p spectra; (d) Al2p
spectra.

(3) TEM and STEM-EDS analysis

Figure S4(a) and Figure S4(b) are the TEM and STEM image of PEIE-HT complex, respectively. It
can be seen that the reconstructed hydrotalcites are well dispersed in the polymer. And the C, O, N, Mg,
Al and Si were detected by EDS. The STEM-EDS mapping (Figure S4 c-h) showed that Mg and Al were
uniformly distributed in the C, O and N. Besides, the Si element showed a good match between other
elements. The result indicated that this is a well dispersed system, and the PEIE and HT were coupled by
the silane coupling agent(APTES).
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Figure S4. (a) TEM image of PEIE-HT complex; (b) STEM image of PEIE-HT complex; (c)-(h) STEM-EDS maps
depict the distribution of the constituting elements, the images correspond to (c) the C K-edge, (d) the N K-edge
and (e) the O K-edge, (f) the Mg K-edge and (g) the Al K-edge and (h) the Si K-edge signals, respectively.



(4) XRD analysis

The characteristic peaks of hydrotalcite (260=11.35°, 23.23°, 34.54°, 39.30°,46.82°,60.65° and 62.22°),
corresponding to Miller indices (003), (006), (009), (015), (018), (110)and(113), were observed in Figure
S5(a)®*!. It demonstrate that the well-crystallized HT has been synthetised in this paper. After calcination,
a series of peaks corresponding to HT are replaced by characteristic patterns of LDO (20 =43.3° and
63.1°)’, which were displayed in Figure S5(b). Moreover, the XRD patterns of PEIE presenced in a broad
diffraction peak at 26=15-35° (Figure S5(c)). Compared with single substance, the XRD pattern of PEIE-
HT complex contain the characteristic peaks of HT and the reflections of PEIE polymer, while the
characteristic reflections of LDO at the 2 6 =43.3° and 63.1° were not appeared in the PEIE-HT complex.
The results showed that the HT reconstructed successfully by using the LDO as raw material. It is
worthwhile to note that the peaks of reconstructed HT in the PEIE is much lower than the peaks of the
original HT (Figure S5(d)). This indicate that the superposition between layers of the reconstructed HT is
reduces compared with the original HT. This also proved that the layer of the HT can be exfoliated and
scattered by this method* **. Simultaneously, it is easy to find that the diffraction band (26=15-35°) of
PEIE in the complexes is lower than the peaks of original polymer at the corresponding location. This
result indicates that the regular structure of polymer and HT was disrupted simultaneously by

interpenetrating each other, and their crystallinity reduced.
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Figure S5. XRD patterns of (a) HT; (b) LDO; (c) PEIE; (d) PEIE-HT complex.



3 Performance comparison of membrane

Table S2. Performance comparison of the membrane obtained in this work
with other the state-of-the-art membranes

NO. Membrane Rco, CO,/N, Temperature ~ Membrane Ref.
(GPU)  selectivity (K) type

a PEO-PBT(PAN-PMS) 896 55 293 CPM “
b Polaris™ 1000 50 300.15 CPM s
c Polaris™ 2200 50 298.15 CPM 46
d Glycine-Na-Glycerol 207 2090 296.15+2 SLM 4
e Glycine-Na 648 5140 208.15 SLM 48
f PVBTAF 11.3 983 296 IEM e
g PE-AA- ethylenediamine 100 4700 — IEM %0
h PVAmM/PVA 212 174 29815 FCM !
i PVAmM/PPO 365 60 29815 FCM 2
j  DNMDAm-DGBAmE-TMC/PDMS 1601 138 295.15 FCM 3
k  (DAmBS-DGBAmE-TMC)/PDMS 5831 86 29815 FCM >
1 PVAm-PIP/PS 6500 277 29515 FCM %
m PEIE-HT 5693 268 208.15 FCM This work

CPM: common polymeric membrane; SLM: supporting liquid membrane; IEM: ion-exchange membrane; FCM: fixed carrier

membrane;
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Figure S6. The effects of content of LDO (precursor of HT) on the performance of PEIE-HT membrane. Wet
coating thickness: 50um; Feed gas: 15vol% CO, and 85vol% Nj; 298.15K; Pressure: 0.2 Mpa.
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Figure S7. Performance comparison of PYAm-HT membrane and PVAm membrane (a) CO, permeance; (b)
CO,/N; selectivity. Wet coating thickness: 50um; Feed gas: 15vol% CO, and 85vol% N,; 298.15K.
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Figure S8. Performance comparison of the PEIE-HT membrane, PEIE-ZnAl- CO32'-HTLcs membrane, PEIE-NiAl-
CO32'-HTLcs membrane and PEIE membrane. Wet coating thickness: 50um; Feed gas: 15vol% CO, and 85vol%
N,; 298.15K; Pressure: 0.11 Mpa.
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Figure S9. Separation performance stability at 0.11MPa and 1.5MPa. (a) Separation performance stability at
0.11MPa; (b) Separation performance stability at 1.5MPa. Wet coating thickness: 50um; Feed gas: 15vol% CO,
and 85vol% Nj; 298.15K.
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Figure S10. The effects of temperature on the performance of PEIE-HT membrane. Wet coating thickness: 50um;
Feed gas: 15vol% CO, and 85vol% N,; Pressure: 0.2 Mpa.
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Figure S11. PEIE-HT membrane tested by using CO,/N, mixed gas (15vol% CO, and 85vol% N,) and simulated
flue gas(14.5vol% CO,, 6.5vol% O,, 40ppm SO,, 70ppm NO,, 10ppm CO, balanced by N,). (a) CO, permeance; (b)
CO./N, selectivity. Wet coating thickness: 50um; 298.15K; Pressure: 0.2 MPa.
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Figure S12. ATR-FTIR spectra of (a) polysulfone ultrafiltration membrane; (b) original PEIE-HT membrane
; (¢) PEIE-HT membrane after being tested in simulated flue gas.

Table S3 (a). The surface elemental analysis for original PEIE-HT membrane.
Element Cls Nls Ols Mg2p Al2p Si2p S2p

Relative atomic ratio

48.85 13.59 26.73 6.86 2.81 1.03 0.13
(atm.%)

Binding energy(eV)  284.80  398.36  531.08 49.45 73.73 101.27 168.21

Table S3 (b). The surface elemental analysis for PEIE-HT membrane
after being tested in simulated flue gas.

Element Cls Nls Ols Mg2p Al2p Si2p S2p

Relative atomic ratio

49.17 15.31 24.27 7.56 2.61 0.92 0.16
(atm.%)

Binding energy(eV)  284.80  398.36 530.89 49.21 73.69 101.62 168.02

5 Experimental

Synthesis of PEIE: Polyethyleinimine and epichlorohydrin copolymer (PEIE) was synthesized via

block polymerization. In a 100ml round bottom flask equipped with a mechanical agitator, a constant
pressure dropping funnel and a reflux condenser, 20g 10% PEI was charged. Under the protection of
nitrogen, 0.14g epichlorohydrin was dropped into the flask with 4~6 drops/min at 308.15K controlled by
water bath while stirring. After dropping, keep at 308.15K for 1h and then heat to 328.15K for 24h. Then,
a certain amount of deionized water was added and a colorless, transparent viscous solution was obtained.

The polymer solution was mixed with anion exchange resin(Amberlite 717) and was further stirred for 2h.

Finally, the PEIE aqueous solution was obtained by vacuum filtration of the mixture.

11



Synthesis of HT and LDO:The synthesis of HT was carried out in a three-neck flask equipped with a
reflux condenser. In a typical procedure, 0.09mol Mg(NOs),'6H,O and 0.03mol AI(NO;);-9H,O were
dissolved in 100ml mixed solution (H,O/ethanol=80/20, by volume) . Then, the mixed basic
solution(contain 2M NaOH and 1M Na,COs3) was dropped into the flask with stirring until the pH value
equal to 10. The slurry thus obtained was stirred for an additional 30 min, and then was put into a
stainless steel reactor, and was hydrothermally treated at 393.15K for 24h. The resulting white, solid
product was filtered, washed with deionized water and absolute ethanol several times, and finally dried
under vacuum at 353.17K for 24h. The LDO was obtained by calcined HT in air atmosphere at 673.15K
for 5h.

Preparation of PEIE-HT complex and PEIE-HT membrane: 1.0wt% LDO was mixed in 1.5wt%
PEIE solution with intensely stirring to distribute the particles uniformly. It was stirring continually for 5
day to reconstruct HT, afterwards 0.1wt% APTES was added and reacted at 353.15K for 2h and the
PEIE-HT complex was obtained. The PEIE-HT membrane was prepared by casting the PEIE-HT
complex solution on porous polysulfone ultrafiltration membrane under 303.15K and 40% relative
humidity, and then dried at the same condition over night.

Gas permeation measurements: The gas permselectivity of membranes was characterized at
298.15K by a homemade apparatus with humidifier detailed in literature®*. The membrane was mounted
in a circular stainless steel cell (effective membrane area=19.26cm?). Both the feed gas and the sweep gas
(H,) were saturated with water. The flow of outlet sweep gas was measured using a soap film meter and
its composition was analyzed by a gas chromatograph equipped with athermal conductivity detector
(HP7890, Porapak N). It has been proved that the effect of both back-diffusion of H, and concentration

polarization on data analysis could be neglected™* *.

6 Characterization techniques in the experiment

To characterize the structure of PEIE-HT complex, the PEIE-HT complex solution was coated on the
polytetrafluoroethene substrate, then drying at 303.15K and 40% relative humidity in an artificial climate
chamber (Climacell 222R, Germany) for 24 hours, finally, the PEIE-HT complex film was peeled from
the polytetrafluoroethene substrate. This film was used as the test sample of TG-MS, N, adsorption-
desorption ATR-FTIR, XPS, and XRD. And the PEIE-HT complex solution was used to fabricate TEM,
STEM-EDS sample.

The TG of each sample and the MS profile of the evolved gaseous water (m/z =18) and carbon dioxide
(m/z =44) were collected by means of NETZSCH Simultaneous TG-DTA/DSC (Apparatus STA
449C/4/G Jupiter-QMS 403C Aeolos) in N, atmosphere at a ramping rate of 2K/min from 300.15K to
973.15 K. For each measurement, about 50-60 mg of dried sample was used. The N, adsorption-

desorption experiments were measured with a Micromeritics ASAP 2010 automatic analyzer.
12



Attenuated total reflectance infrared (ATR-FTIR) spectroscopy (FTS-6000, Bio-Rad of USA) was
used to study the chemical structure of sample. The chemical characterization of sample was further
accomplished by X-ray photoelectron spectroscopy (XPS, PHI-1600). XPS analysis was performed using
Mg Ka as the radiation source and the spectra were taken with the electron emission angle at 45°. X-ray
diffraction (XRD) patterns were recorded on Rigaku D/max-2500 (40 kV, 100 mA) using Cu Ka
radiation at a scanning rate of 26 = 10° /min, in the scanning range of 5° —85°.

Both TEM and STEM studies were performed using a JEOL JEM-2100F field emission transmission
electron microscope equipped with an ultra high resolution pole-piece operating at 200 kV. Energy
dispersive X-ray spectrometer (EDS) attached to the JEM-2100F microscope was used to determine the
elemental composition of the samples. TEM specimens were prepared by placing microdrops of PEIE-HT
complex solution directly onto a copper grid coated with carbon film (300 mesh, EMS).

Scanning electron microscopy (SEM) images of the surface and the cross-section for the PEIE-HT/PS
composite membranes were obtained on Nova NanoSEM 430 (FEI, USA). For the cross-section
observation, the membrane samples were prepared by peeling away the polyester backing fabric, then
frozen in liquid nitrogen and fractured. All membrane samples were coated with gold by a sputter-coating

machine.
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