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Fig. S1 A photo of homemade U-shape permeation test setup
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Fig. S2 FT-IR spectra of GO (red), HGO (blue) and HGO-PAA-4, respectively.

In the HGO membrane, it is found that the peak of oxygen functional groups present in the GO
membrane disappear and the newly created N-H peak (1560 cm™') and C-N peak (1350 cm)
indicate the chemical reaction between GO and HPEI polymer successfully proceeds.! After
treatment of the PAA polymer into the HGO membrane, the carboxylic acid peak (1710 cm)
slightly appears again in the HGO-PAA membrane? and the characteristic C-N peak is intensified,
indicating that not only is the PAA polymer well inserted into the composite membrane system,
but the covalent bond is freshly formed between two polymers. In addition, the imide peak (1733
cm!) of the urea by-product is not shown in the spectra of the HGO-PAA-4 due to the thorough

washing process.*?



Fig. S3 Top-down SEM images of the GO and HGO-PAA-4 membrane



Fig. S4 Cross-sectional SEM image of the HGO membrane
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Fig. S5 XRD spectra of the GO and HGO-PAA composite membranes in dry and in wet state.

To figure out the channel size of composite membranes in wet state, the GO composite membranes
are treated by DI water. DI water is dropped on the surface of the composite membrane for 5 min

to eliminate the swelling effect of the polymer substrate.
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Fig. S6 Membrane stability test of (a) the GO membrane (the red-circles show that some parts of
the membrane have been peeled off.), (b) HGO-PAA-1 and (c) HGO-PAA-4 membrane in

different pH conditions.
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Fig. S7 Top-down SEM images of (a) HGO-PAA-1 and (b) HGO-PAA-4 membrane after

membrane stability tests in different pH conditions.
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Fig. S8 (a) Overall scan, (b) C1s XPS spectra of the pristine GO membrane
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Fig. S9 XPS analysis for chemical composition of HGO and HGO-PAA composite membranes.

C1s XPS spectra with the deconvolution results for (a) HGO, (b) HGO-PAA-1, (c) HGO-PAA-2.5

and (d) HGO-PAA-4, respectively.
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Fig. S10 N1s XPS spectra with the deconvolution results for (a) HGO, (b) HGO-PAA-1, (¢) HGO-
PAA-2.5 and (d) HGO-PAA-4, respectively.



100

80
= Percentage of inserted PAA in
2 6o the composite membrane
) iy 1 bar 19.9%
o 40 ——— HPEI
= e RAN. 2.5 bar 24.0%

20 ". T HaopAk2s 4 bar 211%

—— HGO-PAA-4

100 ZI.JCI 3;}0 400 5(‘1-0 Gaﬁ T'GO 800
Temperature (°C)
Fig. S11 Thermogravimetric analysis (TGA) curve of the GO, HGO and HGO-PAA membranes,

and the percentage of inserted PAA in the composite membrane depending on the applied pressure.

The PAA percentage inserted into the HGO-PAA membrane can be calculated from TGA curves.
When the temperature is raised to 800 °C, the remaining weight percentage of the HGO membrane
is 53.3%, and the residue of pure PAA is about 11 %. The weight of the HGO-PAA-1 is 0.602 mg
at 100 "C. After heating to 800 °C, the weight of the residue is 0.270 mg. Based on this result,
since the thermal decomposition of both the HGO structure and the PAA structure could occur at
800 °C except for the influence of bond breakage, it can be concluded that 53.3 % of HGO and 11
% of PAA remain in the residue. If the equation is solved based on this result, the PAA composition
of each HGO-PAA-1, HGO-PAA-2.5 and HGO-PAA-4 is 19.9 %, 24.0 %, and 21.1%,
respectively. Therefore, it can be confirmed that a similar amount of PAA is intercalated into the

HGO membrane regardless of the applied pressure.
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Fig. S12 Water contact angle of (a) the neat GO membrane, (b) HGO membrane, (c) HGO-PAA-

1, (d) HGO-PAA-2.5, and (¢) HGO-PAA-4 membrane.
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Fig. S13 (a) Top-down and cross-sectional SEM images of the HGO-PAA-4 after the NaCl
permeation test. (b) XRD spectra of the as-prepared HGO-PAA-4 and HGO-PAA-4 after the

permeation test.
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Fig. S14 C1s XPS spectra of the HGO-PAA-4 with and without Mg ions.

The carboxylic acid groups of PAA in the HGO-PAA-4 could form chelating structure with ionic
species. A slight peak shift of carboxylic acid groups from 288.6 eV to 288.45 eV indicates that
electrostatic attraction forces between the functional groups and Mg ions can be generated, which

is similar to the previous result with respect to the interaction between metal ions and carboxylate

groups.®8
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Fig. S15 (a) Na 1s XPS spectra of the HGO-PAA-4 treated with NaCl. (b) AFM scan images of
the HGO-PAA-4 membrane treated by NaCl. Rq and Ra values were obtained by the measurement

at 5 spots which have similar brightness from the scan image (scan size 1 pm x 1 pm).



HPEI PAA

HOMO

LUMO

Enowmo (€V) Erumo (V) U Egap (€V)

Vacuum Aqueous (“wet”) Vacuum Aqueous (“wet”) Vacuum Aqueous (“wet”)

HPEI -3.99 -4.14 +1.27 +0.97 -5.26 -5.11

PAA -5.73 -6.26 -0.99 -1.61 -4.74 -4.65

Fig. S16 (a) HOMO and LUMO charge distributions for representations of HPEI and PAA
polymers studied using the implicit solvation model (blue regions for electron accumulation and
yellow regions for electron loss); (b) bandgap energies for the optimized structures of the polymers
in both vacuum and aqueous phase (color code: gray for carbon atoms, blue for nitrogen atoms,

red for oxygen atoms, white for hydrogen atoms).

In addition to MD, density functional theory (DFT) calculations of studied polymers were
performed to evaluate the chemical reactivity and chemical group interactions (Figure S16), in

both vacuum and in implicit water solvation conditions. The implicit water solvation, despite its



simplicity, provides a more adequate estimate of the electron donation and acceptance ability than
the vacuum calculations.”!? It was found that the HOMO (Highest Occupied Molecular Orbital)
and LUMO (Lowest Unoccupied Molecular Orbital) electron densities of HPEI and PAA are
distributed along the amine and carboxylic groups, respectively, with weak charge localization
near the edges, indicating that the excess electrons can be donated. This reveals the theoretical
electron donation and acceptance ability of the composite membrane in aqueous solutions. In
addition, the high Eyonmo values are an indication of an ease flow of electrons to p-orbitals of the
GO surface. Lower (more negative) band gap energy (AE,,) of HPEI results in higher reactivity

of the polymeric molecule, potentially leading to easier adsorption on the GO surface.



Table S1. Zeta-potential of the neat GO, HGO and HGO-PAA membranes in DI water.

Membrane Zeta-potential (mV)

GO -54.0 £ 8.96
HGO -27.6 £4.61
HGO-PAA-1 -45.6 +£5.47
HGO-PAA-2.5 -41.3 £6.05

HGO-PAA-4 -43.6 = 8.91




Table S2. Performance comparisons of synthesized HGO-PAA membranes with other

membranes

Diffusion rate

Feed (mol'm2h) / Water flux
Membrane Method Thickness Reference
concentration Rejection (L-m2hY)
rate (%)
Untreated 0.718
Diffusion 280 nm 0.25M 0.85 11
GO-280 (Na* only)
KClI-
0.0048
controlled Diffusion 280 nm 0.25M 0.36 11
(Na* only)
GO-280
Ca-SAT 0.4
Diffusion 3 um 0.5M X 12
membrane (NaCl)
HG
0.024
crosslinked Diffusion 17.1 pm 0.05M X 13
(KCh)
GO
GO/LDH-NS ~0.16
Diffusion 3.2 um 0.1M X 14
(Co-Al) (NaCl)
1.53
MXene Diffusion 1.5 pm 02M X 15
(Na* only)
4.2
PEI/GO/h- Dead-end 38.1%
59.1 nm 1000 ppm (LMH/bar) 16
PAN filtration (NaCl)
at 5 bar
5
GO&EDA H Dead-end ~55%
69.4 nm 1000 ppm (LMH/bar) 17
PEI 60K filtration (NaCl)
at 1 bar
14.3
Dead-end 95.3 %
GO-PAA ) 125 nm 50 ppm (LMH/bar) 18
filtration (Na,SOy)
at 2 bar
1.095
Pristine GO Diffusion ~140 nm 025M 2.43 This work
(NaCl)
0.227
HGO-PAA-4 Diffusion ~140 nm 025M 3.98 This work

(NaCl)




Table S3. Comparison of interlayer distance (d-spacing between GO sheets) calculated with MD

simulations and measured experimentally for different evaluated systems.

GO HGO-PAA-1  HGO-PAA-25  HGO-PAA-4
Wet (EXP) 9.98 A 12.08 A 11.90 A 1128 A
Wet (SIM) 10.8 A 11.9 A 11.6 A

Since GO layers are not completely flat due to interactions with both water and polymers, there
are regions in which GO sheets are separated by a different number of water layers. Therefore, the
d-spacing was calculated in the MD simulations as the average distance between the upper sheet
and the lower sheet. Moreover, the water molecules in the nano-sized capillaries of GO membranes
cause swelling, hence, such distance was controlled by applying an external force to the system

(in a similar manner as in the experimental section).
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